炭化水素およびその誘導体の化学反応性と物性に関する理論的研究 by Morokuma, Keiji
Title
Theoretical studies on chemical reactivities and







Type Thesis or Dissertation
Textversionauthor
Kyoto University
      THEORETICAL STUDIES 
              ON 
      CHEMICAL REACTIVITIES 
              AND 
    PHYSICOCHEMICAL PROPERTIES 
              OF 
HYDROCARBONS AND THEIR DERIVATIVES
KEIJI MOROKUMA
Department of Fuel Chemistry 
  Faculty of Engineering 
     Kyoto University

       THEORETICAL STUDIES 
              ON 
      CHEMICAL REACTIVITIES 
              AND 
    PHYSICOCHEMICAL PROPERTIES 
              OF 
HYDROCARBONS AND THEIR DERIVATIVES
KEIJI MOROKUMA
Department of Fuel Chemistry 
  Faculty of Engineering 
     Kyoto University




















TIEORET ICAL STUDIES ON CHEMICAL REACT IVITIES
Introduction
LCAO MO Perturbation Treatment of Conjugated
Molecules
Introduction
Summary of Results for Single Perturbation
Changes of Two Coulomb Integrals
Changes of a Coulomb Integral and a
Resonance Integral
A Weak Bonding with a Change of a Coulomb
Integral
Weak Bondings to Two Conjugated Systems
More General Case of Many Perturbations
Degenerate Systems
Discussion
Reactivity Indexes in SCF Method
Introduction
LCAO SCF Calculation on Anthracene



























Localization Energy with Electronic
Interaction
Introduction
Model of Localized Systems
Formulation and Evaluation of Atomic
Integrals
Results and Discussion
Frontier Electron Theory and Z Value
Introduction
Mathematical Interrelation between Super-
delocalizability and Z Value---
Heterolytic Reaction
Mathematical Interrelation between Super-
delocalizability and Z Value-_-
Homolytic Reaction
Discussions on Charge Transfer Mechanism
of Aromatic Substitution
Molecular Orbital Theory of Reactivities of
Excited Molecules
Introduction
Reaction of an Excited Triplet Molecule with
an Unexcited Redical
Reactions of an Excited Triplet Molecule
with an Unexcited Molecule



































On Cross Termination in Radical
Polymerization
Introduction
Calculation of   t Conjugation Energy and
Results and Discussion
Electronic Structures and Antioxidizing
Activities
Introduction
Electronic Structures and Antioxidizing
Activities of Substituted Phenols
a
Electronic Structures and Antioxidizing
Activities of Phenols
Discussion
THEORETICAL STUDIES OF PHYSICOCFUMICAL
PROPERTIES
Introduction
Sigma Electronic Structures and Some
Physicochemical Properties of Halogenated
Conjugated Hydrocarbons
Introduction
Method of Calculation and Evaluation of
Parameters
Results of Calculation and Their General
Properties
Effects of Parameters





































Coupling Constants of Halogen in Pure
Quadrupole Resonance Spectra
Polarographic Reduction and Electronic
Structures of Organic Halides
Introduction
Method of Calculation
Polarographic Reduction and 0- Electronic
Structures of Haloalkanes
Polarographic Reduction and t and 0
Electronic Structures of Conjugate
Halides
Possible Inversion of Height of Energy
Levels and t->O * Transition
Discussion
Electronic Spectra of Polyhalogenated
Conjugated Hydrocarbons
Introduction
Theoretical Method and Approximate
Evaluation of Atomic Integrals
The Lowest 7C->T'* and the Lowest t->O*
Transitions in Tetrachloroethylene
Discussion
A Simple Molecular Orbital Method for
Computing a and t Electronic Structures
with Unificative Parameters
Introductory Discussion
Choice of New Set of Parameters

































 § l. 
 §2.




Bond Order and Bond Distance
Electronic Spectra
A Simple Molecular Orbital Method for
Discussing Electronic Structures of 
Stereoisomers------Theoretical Method 




ESR Hyperfine Splittings of Terephthalal -
dehyde Anion
Angular Dependency of ESR Proton 












of ESR Spectra of
ana rhenyl C6Hs
Valence Bond Calculation of P
roton Coupling  C


























Valence Bond Calculation of Proton
Coupling Constants in Phenyl Radical
Assignment of Observed Spectra and
Discussion
Valence Bond Calculation of Spin Densities
of Various Hydrocarbon Radical in a
Simplest Approximation
Introduction










    Since Healer and London's famous work in 1927 on the 
homopolar bond between hydrogens, the quantum mechanics, 
especially, the valence bond method by Pauling and Slater and 
the molecular orbital method by Huckel and Mulliken have 
enabled us to obtain theoretical view-points on complicated 
phenomena in chemistry- Application of quantum mechanics to 
organic chemistry has been made mainly in two fields. One 
of them is the field of the chemical reactivities, which are 
the most essential problemsin organic chemistry. The other 
is the field of several kinds of molecular spectroscopy and 
other physicochemical measurements. Some of the new spectro-
scopies are essentially based on the quantum mechanics and 
cannot be treated without it. 
     The present thesis, which has been prepared under the 
direction of Professor Kenichi Fukui, is divided into two 
parts. In Part I theoretical studies on chemical reactivities 
of hydrocarbons and their derivatives are presented . In Part 
II theoretical studies on physicochemical properties measured 
by several spectroscopies are submitted. The boil parts to -
gether, supplementing each other, will have a more exact mean- 
inz than each part alone. 
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       PART I 
 THEORET  ICAL STUDLS 
ON CHEMICAL REACT IVITIES
                      Chapter 1 
                     Introduction 
     The frontier electron theory by Fukui and his co-
workers has achieved brilliant successes not only in 
establishing theoretical bases on the mechanism of aromatic 
substitution  reaction1-6) but in interpreting several addition 
reactions7), in discussing reactivities of monomers, radi-
cals and ions in vinyl polymerization reactions8-10) and 
reactivities saturated compounds11-14) and in many other 
fields of chemical reactions.15-18) In this part of the 
thesis, the author wishes to present some molecular orbital 
results on chemical reactivities according to the frontier 
electron theory. 
Tr Chapter 2 (published in the Bulletin of the Chemical 
Society of Japan, 33, 963 (1960)) is given a perturbation 
theory of the simple molecular orbital method for systems 
which are suffered by many kinds of perturbation at the 
same time. The results will be useful for various discussi
ons 
not only on chemical reactivities but on physicochemi
cal 
properties. 
    In Chapter 3 (published in the Bulletin of the Chemical 
Society of Japan, 32, 853 (1959)) and in Chapter 4 (published 
                               -2-
 in -the Bulletin of the Chemical Society of Japan, 2, 1015 
(1959)) some reactivity indexes of simple molecular orbital 
method----total , electron density, free valence, frontier 
electron density and localization energy----are re-examined 
in higher approximations in which the interaction between 
electrons is explicitly taken into account. 
    In Chapter 5 (published in the Journal of Chemical 
Physics, 2z, 1743 (1960)) are found mathematical inter-
relations between superdelocalizability and the Z value, 
i.e., two of the reactivity indexes of conjugated molecules. 
Molecular orbital theoretical discussions on the mechanism 
of aromatic substitution are also made. 
     In Chapter 6 (published in the Bulletin of the Chemical 
Society of Japan, 4, 117£5 (1961)) is presented a molecular 
orbital theory of reactivities of excited conjugated molecules 
in photodimerization and photopolymerization reactions. 
     In the last two chapters application of the frontier 
electron theory to some special topics is given. In Chapter 
7 (published in Journal of Polymer Science, 42, Sl_1 (1961)) 
is discussed the ease of cross termination reaction in 
radical polymerization of vinyl compounds. In Chapter 8 
(in press in the Bulletin of the Chemical Society of Japan
, 
36, (1963)) antioxidizing activities of phenols are 
connected to reactivity indexes of a- electron systems 
-3-
as well as of  71G electron systems.
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                    Chapter 2 
          Simple LCAO MO Perturbation 
        Treatment of Conjugated  Molecules 
O1.. Introduction 
    The perturbation theory in the simple LCAO MO (linear-
combination-of-atomic-orbital molecular orbital) method has 
been studied by many authors, for instance, by Coulson and 
Longuet-Higginsl) and by Dewar2). Recently, by the present 
authors3), a new mathematical method of perturbation theory, 
named the method of perturbed secular determinant, has been 
developed and several useful equations have been derived 
which give the orbital energy, the electron density and the 
bond order of the perturbed system. 
     The only system involved in these works, however, was 
the one which suffered only one perturbation , that is, a 
small change of a Coulomb integral or of a resonance integral
, , 
or a weak bonding to another system. There could be seen 
no systematic perturbation treatment of the system which was 
affected by two or more perturbations
, for instance, changes 
of two Coulomb integrals , changes of a Coulomb integral and 
of a resonance integral , and a weak bonding with a change of 
a Coulomb integral . To deal with such a system would be of 
practical interest in discussing the chemical reactivit
y, 
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absorption spectrum, dipole moment and other electronic  pro-
perties of large conjugated molecules. 
     In the present chapter are derived several equations 
or relations which give the molecular orbital, its orbital 
energy, the electron density and the bond order of systems 
affected by two perturbations, and lastly they are extended 
to a more general case of many perturbations. 
S2. Summary of Results for Single Perturbation 
     In order to simplify the expression of various equations 
appearing in the treatment of multiple-perturbed systems, 
it would be convenient to summarize the results for single 
perturbation. The following formulae, obtained by the method 
of perturbed secular determinant and also by the existing 
method of perturbation, were given in the previous paper, 
thoush some of them not explicitly. 
     In this section it is assumed that the system to be 
treated is not degenerate in itself , nor has it any degenerate 
level between another system to conjugate with . 
    First, if the Coulomb integral, O-, of the rth atom 
in a conjugated system, zl(E )x, is increased by c (Case A 
    * 4(E) is the secular determinant of the system and 
will be used also to characterize a conjugated system.. 
-7-
 of Ref. 3), then, as its consequence, the jth orbital 
 energy,  EJ' , will increase by (h) )r, the separate bond 
order,puvi , by (jpuv' )r, the separate electron density, 
puu d , by (jjpuuj)r, the total Tc electronic energy, E , by 
(5e )7-, the bond order, p uv , by (5p uv )r , the electron 
density, puu , by (8puu ) and the jth molecular orbital, 
, by (rf ),., in such a way that*. 
.1. 
 )r ={Cr')2dr'-I-kE)(c------------- (Gr~)2+- -- -- (1) 
  (Vpuu7)r>Cr7Crk(CuJcLk+CuCuk )aY 
= --- k(cj)Ej — Ek 
fCu                     CYCrk Z crIntcCU'n~-Crw-(CujCuh~Cy'Cuk)1  
              k(j)6j-Ek L7nc j)Ej—gym 
Cr7lCr4Cu'Cv'+Cr1(Cu2Cv + v uk)J  
Ej - Fk (u=v oz u $ v ) 
                  OrC LOhM C r Cr7k  
  (5E )r=Prra'r+ 2E((cYr')2 t --- •(3)               j k E~-E 
Occ unoco rjCk (CujCv,4+C))Cua )  (6puv )7 =2Zar 
      7 kej-Ek 
                   occ 
+2 E jtc¢ -pecan le/Pi [mix l9GVptit?))-11 _-_. (1G=2) O? 11* z)) (4) 
7 
        a
~!-F*Cr'Crk(CriCrk)' ([Si )r h(Lj)Ej—Ekark2{kall) (E— E* )2                                      (ar)~ ~
~v 
As for the nomenclature, see Ref. 3. Electron density will b
e looked upon as a special case (u=v) of bond order 
in the further discussion . 
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 aH  C7'CrkL
4)aH (C,.''')2 (C,')2 Ct         k(#j)Ej—Em Cj—Evn,Ej—Ek(5) 
     Secondly, when the resonance integral, /3st, of the bond 
(st) in the system. i1 (e) is increased by /3St' (Case B of 
Ref. 3), increases of those quantities are written as follows: 
                   rau (Csictki-Ct'Csk)2   (S8~)st=2CiCa)4st+E—(fist)Z+ -- (6) 
k(*j)  Ek 
    qq a t (Csictk +Ct'Cskxci,jcv -{-Cvicuk) R  (C~puv))St—ENat kC#j) Ej — Ek 
nit (CsiCtk+CtirM  ( (Csjet'-i-cits) cwkc„m-f-(c ct' f—c/c )( ,jc7fcv'Cu )
              kC*dD 
(CSCtk+C/C?)Ca3G3+2Cs Ct'(Czk +Cv'Cuk )
 E )St 
l[SJJuu)st — L L 




            (CsiC-tk                  Ej—Ek            (Cs3CtkiCt'Csk)22 EJaEk




tuzecond auto. tem m (8p„,')st}+---- 
     +Ct'C,k))E(Cs'Ck                             t+'                             CtC
       ~k~st'Yk2k(*))(-f-£k)2 
il k+Ctit_i iaHCskCt'”-1-Cr"CS"2Cs'Ct: 
-Ek ar(j) Cj-E llfEl" Ek-
                -9—
/-st 







    Thirdly, when a conjugated system,  4  (E  ), conjugates 
at the rth atom through a weak bonding, whose resonance 
integral istr , with another conjugated system, whose 
secular determinant is 4,(e), (Case C of Ref. 3), then the 
increases of molecular quantities by this perturbation are 
given by the following formulae. The orbital energy of the 
kth orbital Lirk of the system Jr (s) is r and the 
coefficient of the th atomic orbital in that molecular 
orbital is written as d'k .








   a" (C,'d 1 k / ) r 
~(ci, 
   kE7—~IkkEJ' 
Cr°641 (CviCb?-F C u l C U"1)
e'- E 
(u=v
   all(a)2(9)z     CrCr 
Cridt Ik CriC~l2 




op,'1r =z(Giclk)z7.,+2E(Cr'dr1kd~"°)zal(c,..)2—(Q-5)2  }(71)3+-----all 
        le Ej-11!kk n (Ej-3llkXEj—'ra)lnt*i)Fj—EmEj-77lit 
    lkalldiCriC)."(d lk)ZCuic,"' (dpuV)T4--E E-------------------0- p)2 +------ (u=v a, u* v) 
r se (Mk— E j) ('l ik — Ewe ) 
all Cd c4 lkiall(Crid4.lk)2 
    k Ej-1ik2 k (Ej-11.027 





 where the atom u and the  bond('uv) are in the system © (a), 
 and 4 is the position of weak conjugation in the system 
d,(s). Similar formulae would be obtained for the system 
(s). Thus the change of bond order and that of electron 
 density and total TC electronic energy change of the combined 
 system are obtained as follows: 
      OCC000 
  (5)ri =2 5 CO E1)7-4 +2 E CO?? li )rf   ik 
             Occuncecannceecc(c,71k)2occ     =2(~'-~)---------(                         _pr)2+2~{t/ceeula~ tEtv2y1(dsj)r$}        kjkJikj 
CC0 
+2 Va.e /mitt ,-idlez two &I )rd +------(15) 
      OCC k                                 e« 
  (c)r$=2 Z'(coov1)rf+',2(flp~tuik)rt 
                           occ OcoollRecCocc(~~k 92 (C7 )2C 
=2(C ~~—~~) ----I 
                       LE)-lruis1 k1kj kE.)-711k 
                allCt'Cm(Cu3c,m+Cv'Cuy') }
-I        — E(r r)?+---- (u=v e2 ut v)(16) m(#j)Ej — £m 
                 eccunocc['+occccc (ctjd,.Sa)2 OCc  (Oprt )„=2(~ — Z)------rr+2 {tot ti itd eaten4,411Yrt(flOrj) it 1 
                  J ~Ik 3 
         0Ccf
eth&r           +2klGR/RL~eth& tvov>i2(Opr4'k)rq}+------(161) 
Here it was assumed that the hi
ghest occupied orbitals of 
the systems L1,(E) and 4 (e) are lower than the lowest 
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 unoccupied orbitals of the systems 4, (E) and A (s), res-
pectively. The total charge transfer, e5 Q 9 from the system 
4(E) to the system (e) is defined by 
a0 = orp(17) 
where n is the number of atomic orbitals in the system 4(E). 
    For this case el 2 is given by the following equation.
(t.2)r4
   w2"
) 
7k .7
6.1) d 4,1k ) 2
(Es- 7a )2
(7)2 + - - (18)
    As a special case involved in the 
system LI, (E) is an atom or a mesomeric 
to 16 and 18 become 
(cd)2 (c,2)25 (c)2    (d'
ej)ix-(11)2 - axE:7-axt (Ey-a x)z 
n_11(crw92) 
     +E ------------(t,)4 + 
a)-ax)(E)-E-m) 












L7n(7) (El- E cE -ay) 
rt .7 )2 2(C
C)2 
      OIX (ei-ax )2 in(*»
(c,j)zczcic,)
(ej-ax )2- "" 
(c,!')2 (c.,))2 




 all  all Cr3C24C2c)C1,1'(yy)2+ (13-a) (e9puox
i m (Ej—cYx)(£m—ax) 
an (r,)2 an a,i (cr cr )Z  ~r,)3(13t-a) (a
pr/x)rx = E------e72E             .7ax-Ej 7 in (ax—Ej)2(aX—E7n) 
(Crj)2(12-b) 
(dpxx )rX =(Tr) 2           E
j—ax)2 
all (Cr ))2  
 (gPX)1-Xs(1)2-....(13—b)   Y(rXx—e))2 
41, occ (C2-92Ck7Coi  (puu )rX = (11E— 2 E)1 
7 (E j -CYO() 2 
         .'---------------------------------------------74'U"+cU' c,,'7') }(7)2.(16-a)         all cc(c~c   -f-
GC..                  ((Ix—Ej)(Ej—E7o)
                                        2 (opxx)rX=(2E—v~E)(Cu 7)2 (-r)2+._....(16—b)                    ((Ix—E j)
occ all (C,')2 occ 
(01-)01-X.= (2 X.—  L Z)1r + 2 Etidnn- twinn(8ip)-x') r  
7_ ax 
+L, { tlm IAA,/ 02/1272 "Own in (jp,xx )rx) (16 T -a ) 
            al, occ                               i2
 (8Q)rX=(vT2E)Ccr) (2'r)2+(18—a) 
where i is the number of electrons in the atom X. The 
equations corresponding to Eqs. 14 and 15 are omitted for 
simplicity. 
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     In the following sections some important cases of 
doubly perturbed systems will be treated. 
 §3. Changes of Two Coulomb Integrals 
    If two atoms, say the rth and the5th stoms, in a 
conjugated molecule, Q (E), are replaced 
                                                  ao(r 
by two heteroatoms, the Coulomb integralsr 
0(E) 
of these atoms will become ar + a,' and 
as + aS' , respectively. Then thea:+ 
perturbed secular determinant of the 
system will be written 
D(E)=4(E)+ar'4,7(E)+as ds,(E)+GYr'as 11775s(E)(19) 
where 1J rr ( E) and 4 irss (E) are the (r r) minor and the 
(rr,ss) minor of 1(E), respectively. Regarding these 
changes, Cr' and as' , as perturbations, one can easily 
obtain the perturbed orbital energy, of the j th molecular 
orbital, the perturbed bond order and the perturbed electron 
density by the use of the method of perturbed secular 
determinant, as will be briefly explained in the following. 
    First if one intermediately considers a system where 
o(d' is zero, the intermediate perturbed secular determinant 
is liven as : 
                            -14-
 ^(E)=4(E) +ar'4rr(E) 
According to the procedure utilized in the 
the intermediate perturbed orbital energy, 
intermediate perturbed separate bond order, 
expanded in powers of ar': 
         Ej = a7((/0 
'n=o 
         puv' = ar, vur (1° (dt')Y" 
                           ~=o 
and the coefficients, arir > and ar,uI" 
by the following formulae. 
i<'x~_ (-Jr d" zfArr(z)} -i{df(z)z,(z)-L1(z)/1rr'(.Z)1 l 
   2rz L dz''1z=F~
ar uun'n)_
Ldz''




(m= 0. 1. 2...... ) 
formulae the following
previous 











Directly from these 
obtained 





where  (8E ) and (Spuv') are given by Eqs. 1 and 2. 
     Then the second perturbation, 0(5.'                                      is to be taken into
account. The perturbed secular determinant of the system in 
question is expressed with the aid of the secular determinant 
of the intermediate system, 
D(E)=TI(E) + as^SS(E)(24) 
A similar procedure leads to the expansion formulae 
E t= t b)(m0 (of~)a  5
25) 
Puy'= (as' )7. 
where the coefficients, b5'(m) and bs,uv'`m) , are the 
functions of o(/ and are given by 
(—/) r  d?  Z4D5 (Zr-'{D'(Z)DSS (z) - (Z) Q 551c z )1 
Z=Ej
m! 
Thus we finally 
system. 
Ej' Ej+ (5aj),. +



















sum of its c 
second order 
in magnitude 
Also as for 
and the  energy and t 
density) res 
by the pertu 
    On insp 
as concerns 
effect upon 
of the orbit 
caused by 
~)r + (opau3)s 
C/Cs3(C,kC"FCSCr}CvkCiVC7C3(Cf'Csk`~"Cs'C~.k)<CL'Cv
k+ CuJCu .k )
(Ej-6k )( Ej —Emt ) 
      afi'(Cr3Csk+CsCk)(Cu'Cvk+Cv'Cxk)~"ZCrkCskc'CL1airaS3+......(28) 
                                           1I (Ej — k)1 
here(hi)rand (gpuo, )r are the change of the orbital 
energyandhe separate bond order (or the separate electron 
pectively, of the j th molecular orbital caused 
th perturbation o(r',as were given in Eqs. 1 and 2. 
    nection of Eqs. 27 and 28 it is clearly seen that, 
con rnsthe first order terms, two perturbations have no 
fectuponeach other and, therefore, the so-called 
           rule" comes into being. That is to say, the chage 
ftheal energy, the bond order or the electron density 
used wo perturbations is expressed by the mathematical 
fitschanges caused by each perturbation. In the 
cond ra cross term appears, which may become comparable 
magni ewith the non-cross term and cannot be neglected. 
lsoasforthe total 7relectronic energy, the bond order 
dth __.iron density, which are expressed by the sum of 
corresponding separate quantity, the circumstances are the 
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 same, as  follows: 
              OCC!/yr0ac ak cs)Csk+ --(29)      =E-I-(&)r+ (8€)si-2E ---------------0(1:0( 
i k Ej — E 
occ 
   Pao=puu+Cdpua),+CtSPur,)s+((W4 too. tifeeaY                                       ~do,asv2Puu23+--(30)
i where ( ore ), and (6pav )7- , given by Eqs. 3 and 4, are the 
 changes of total xt electronic energy and the bond order (or 
the electron density) respectively, caused by the perturbation 
r' . Eqs. 27 to 30 can also be derived by the existing method 
of perturbation. 
     The explicit expression of perturbed molecular orbital 
would be useful for some purposes. It is 
all CfJCfrkCsiCsk 
                    kJ)C*(,jf)zI 
aft (c, ck+CsJCrk) allCr"Cs°'Cries'' , r      + 
   Jet))~~~-at as-Vfk+...... (31)            -k£-Em£j-Ek 
where ( 6 ), is given by Eq. 5. 
§4. Changes of a Coulomb Integral and a Resonance Integral . 
    When at the same time the Coulomb integral of the /-th 
atom is increased by c(r' and the resonance integral of the 
—18—
bond  (it), fist , by 1 st' , then the 
                                                      d+dr 
perturbed secular determinant of 
0 (E) 
the system is expressed* byAststU 
+
pp 
D(E) =11(E)+GYt'Ott(E) *(-/)s"2$ '11st (F)— (At ')2 s-sti (E) 
+(—l)a',- '4-st (F)—ar (/st')ZQ,rsstt(E) 
As well as in Case I, the following expressions of the 
orbital energy, the separate bond order and the separate 
electron density are obtained. 
ali C,.'CFk(Cs'CtktCticsk) 
Ej _~jt(lfEj)r(SEj)st +2 Ear'~st'+...... k(j) Ej — Ek 
Pv' =Ad +(Spav')r+ (bpu' )st 
atriall C-5Ctk(Cs,Ct'+Ct'Cs XCuCur+CukCum 
  (,)(Ei — Ek) 
ICrkC,, (C-'Ce- -C7 CS)1-c,,-c, Ct'"+CtkCs'"}J ( u'Cuk+C,'Cuk ) 
X
 (ej-E.,) 





* When r 
becom es D (E) = 
   33 to 36
                          (34)
= t , though the perturbed secular determinant 
4(E) +arizi rr (E) +(- / ) s+r?Rsr4sr(£)—(~s1) 24ssitG)~ 
are valid.                        / 
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where (  sEj )r, ( eSEj )st , (opuu' )r and (tspuvsi )ft are given 
by Eqs. 1, 6, 2 and 7, respectively.Also in this case a 
cross term between the two perturbations, both in the orbital 
energy and in the bond order (and the density), first arises 
in the second order, and therefore the additivity rule is 
correct in the first order. The circumstances are the same 
for the total energy, the bond order and the electron density............... 
E'E+(BF)r 6E )st 
occ 
+2Z (cross term of the order aripst'in Ej'}+ 
                         L (35) 
Pz4v =pzu+(6puu)r+(t'puu )st 
                    Oct 
       +2t {cross term of the ordero(r'A-'inpu„i} 
where (bE )st and (SpU„) are given by Eqs. 8 and 9. The 
perturbed molecular orbital is obtained as follows: 
           f'jjn01{ail Crkcr''(cictw'+Gt'C'")+Cr'c,*(cs Ct~"4-CtkC,r'" )          (Pirj))--1-'j)st+E1                        k(#i "tai)(Ej—Ek)(Ej-E.,) 
          2c~rcrkericti+(Cr2)2(CsCtk+ct'Csk)  l 
(Ej - Ek)                     2fari3st" k 
           aJ1 Cricrk(yetk ct2Csk ) 
E----------------------/iar'st'Y ......         kk00)(Ej — Ek)sl° 
                                  (36) 
where (op; )Stis given by Eq. 10. 
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 §5. A Weak Bonding with a Change of a Coulomb Integral. 
    When a conjugated system, ,Q(8), conjugates at the Sth 
atom through a weak bonding, whose resonance integral is rs , 
with another conjugated system 4(E), and at the same time 
the Coulomb integral of the Pth atom is increased by CXr' s 




D(E) =4(E)11,(E)+0(r'11rr(E)111(E)—(7s)2-Ass (£)L1, E) 
`o(r (1s)2Atrss CE -d/4k(E) 
ody C,ICsi(d4uk)2 1 a.0C 'Csra C, Csi 
 Ej = £j+(hi),+CJEJ g+22-                    k 'rn((i ) E) —E Ej — u1k 
                  all Cr'Ode02(allC,,csm Cr72s)
      +Z--------S2E -------- 
                      14— E)(ml(F)) Cj — E7n Ej —rl,k 
r®urr'=pb'+(dpyy')+ (6Quv')sf 
+1 cross term of the order ar trs)2} +---
                       -21-
       (37) 
 }0kArs)z-P------ (38)
z - -- _GYrs)z } 
n(#)) e j - E Ej -1k 
r r d'15) 3 4-
(39) 
(40)
 auC ~Cdlk)zoncc'-Cr)Cs't  Pst5 _ (a'ps ') 4+E :c f2E—}arrs+-----(4o) k E_~ 1'i( ) Ej— Ent e —?Ik 
Puv~k=(lfpu,lk)st + { CYOss term ofVie orderar/(YS)2 } +---(41) 
p,~~'k=p, /k+(bp„'k),sq+ {cross terzaof the orderdr(is)2}1- -(42) 
               all Cr3061,1k)2allCCsmCr~C8~, Psf 0— 65,psglk)5,+z ----------12 E -------}ar rs+ (42                                       t)  ,h Ej—rfrk 
~,~~~=(fsp~~5)s {cross term of the order oCr'(7l)2}+(43) 
where is the position of weak conjugation in the system 
 4,(E), the bond (/ ) is in the system 4, (E.); and (C5-Ej)s5 
( dpu r,' ) s4 , Cops ' ) sg and ((5'p uu'k ) stare given by Eqs. 
11, 12, 12' and 13, from which ( Ji,i,k ) sg , ( ap74-' )st , 
( dp)~ 1k )S4 and ( apse )s4 will easily be formulated. 
Therefore the total 7t electronic energy of the combined 
syster, is 
Dcc UfleWCurOCE0CC 
    E+(bc'e)r+ (6)s0+2(~E-EE) 
) k 7 k 
X r Crie (d )~) 2 f'fiC ------------- 2 E rs"`—C1)Csj T~()
lr7s+-            E—~Ik ya(*j) Ej—E,, Ej—~flk 
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 And 
Puu=P +(lfouu)rf(apuu)si+cross terms of the orde'- (1'5) 2) -+- (45) 
occ anecc anacc o (Cri csi(d 4 )2 12CP" Cs"tCPI Csi p,f=(tpst)s +2(E.E—Z)~E~ -filklwanEj-cEj-rf/r}]drrs             k
(45') 
Pv- —P14+(5p&s4+{Cross term of the orde r (Ys)z}+-..... (46) 
dp = (/Q),4-1-{cross term of the order 007s)1}+" (47) 
where (OF ) s; , ( 6p u, ) ,s; , (ip s t ) s z and (o ) s are given 
by Eqs. 15, 16, 16' and 18. (Op,z is easily written on 
inspection of Eq. 16. As is seen in Eqs. 45 to 47, a cross 
ter.,; first appears in the third order, that is, the order of 
0V(Ts)z, and the additivity rule is valid up to the second 
order perturbation. 
     The wave functions of this perturbed system are re-
presented by 
                                  all C,id Ik aN Cr7'1Cs" CriCsi 
  V=~lr) SVl~)r+04) );}~E)-'?lklm)j-~ Ej----------- r~s~lk+ 
(0) 
                          -23-
    '/',//'' a!,CridIkaIfCrMCS'n(49)  ~Ik=Ak+Abik )stE------- E --------- (7`'T IS Yj -I ------                     j rf ik—S37r1(j) /lk — E,re 
where (atb)S~is given by Eq. 14, from which also ( r/k )S; 
may easily be written. 
ss6. Weak Bondings to Two Conjugated Systems 
     Here we consider a case in which a conjugated system, 
 4(E), conjugates at the rth and the rth atoms with two 
other conjugated systems, 47-(E) and •2(E), respectively, 
making weak bondings whose resonance integrals are rr and 
1"s , respectively. The molecular orbital, its orbital energy 
and the coefficient of atomic orbital in the nonperturbed 
4, (E) system are designated by cpu, , i1,k and du lk , 
respectively, and in the system42(E) by OZk , '72k and 
" 
• Then the following expressions are easily obtained 








1,(E)—(i.r)2A(E)Agg(E)02(6)  —(rs)2USS(E)Qf(8)Q2r(E/+ T71s)24tts:CE)4a4(E)42rr(E) 
~j =  Ej+(SEj)r1+(8  )Sr+ E-----------
~Uik(r,A)+------ -fk 
         a,f Csi(d,292all Cr'"Cs"CriCsiCric si  V
ia---------- 2          tE
j—~zL( rv(4i) Ej—Em Ei-71,k Ej—~.z 
a,f Cri(dglk)z 
~fk = rk+(1171fk)rt+ E-----------Up, (r,6)2~-                       r1,k—Ej 
pout= Puy' +(6puui)rq+(/Spavi)sT+{crossterm of the rder(Tris)2}+-..... 
ail crt (dg ,k )2 
P =(sp.r') ujkor,(rs)Z k 
Ej—rf,k 
Puy 'k=(puu'k)i-+{-c.ross term of the order (r-r)2}+----- 
                  a,f Cr)(d/k)z Pr~rk=(~prt,k)r>;+ik—~~---------Vik1,(YS)2+-.... 
puvzc = (OP uv2t)sz +f cross term of the order (r77s)'1+• 
           (cttlk)2allallcri c'n csi P
re' = -------EcS~(L~21 Q)2j)2                                    ,(/s+ ..... k 2L— fk j m (rfu— Ej)(112t—Evz) 
Pgik= pn,k+(apr( /k)21 +-class term of the order (T7i5)23+- • 
p71 ) = ( prtci) r4 + f cross term of the order (771's)2 }+ - 















where and  r are the positions of the weak conjugation in 
the systems 4,(E) and Z2(E), respectively, and the bond 
(au) or the atom u is assumed to be in the system a (5), and 
the bond (i ) or the atom 77 in the system 4,(E). Similar 
expressions as above may be written for the system a. (s) . 
Thus the total 7t electronic energy and the bond order of 
this perturbed system are given as follows: 
occa, occ 
 E'=2E'E;1+2.Z r71k'+2 Z1zl/ 
=E+(1e))- ÷(OE)st 
           occ ¢naconocc occ occ uaoco occ all aN occ l C,'Csi(d lk)2(dr 1L )2 
j k Ck.i k R k. C (F—)74 Ei-771L) 
    /anCrmcS'mC3------------CCI.-Csi  
)(745)2+                                              )42  Inc#5) E;—&m E  —17/k Ef —272c 
Pu=Pau+apuu)74 +(Opuv )s-r+( cross terra of the order (7".1'02}+. (60) 
occ(moicunoccocc Ct)(d g1k)2    =(bprt)rt+2(ZE- EE)--------Ujk 
Ej —~Ik 
occ a!1 (dd1k)2 all allC,jCi.z`CJ'Csn`(c(zx)al(    'I' 2 E ------ES -----------------
yr1rr (7;)2+(60' )                  k'rp2L—r(Ik S 1H('/21—Ej)(rr2l—em) 
Pft =Pn+(fipn,)rl;+{cross term of the order (7.4)"5)2}+•(61) 
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The changes of total charge involved in  the systems L1(E) 
and 4,(E) are designated as 6Q and afO, , respectively, 
which are written as follows: 
dQ -(oQ)r +(eQ)sr+{doss term of the order (7775)21+ (62) 
—(m),,+{ cross term of Me order (iq'5)1+••(63) 
A similar equation may be written also for the system 42(E) 
     The molecular orbitals of this perturbed system are
L;' = ?l% + (n v/i ),, + (oV; )sr 
+(cross term. ofMe orders /7(is)Zand (TTY 75 t(64) 
  /anail CtjCsa d~k 421  (Ale/   ~k= ,ka k )r4 + E (
~,k —r/=~)(q,~—~;)TJT~2k +......(65) 
    As to special cases in which either or both of the 
systems 4,(e) and 4(E) are single atoms, one may simplify 
the results of Cases III and IV by using Eqs. 11-a to 18-a 
instead of Eqs. 11 to 18 for non-cross terms and by abridgi ng 
cross terms. 
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 §7. More General Case of Many Perturbations 
     Perturbation treatment of systems affected by two 
perturbations stated above may be extended to a more general 
case of many perturbations. As illustrated in the figure, we 
consider a conjugated system, 41(e), and increase the Coulomb 
integrals of the th atoms in it (r =1', 2' , , , ... ,f') by LZr' 
and the resonance integrals of the bonds (st) (st = 1", 2", 
....., g") by fist', and make weak bondings; whose resonance 
integral isj'9/, between the gth atoms (q = 1, 2, ...., k ) 
in the system and the 69' th atoms in other conjugated systems 
a9 (e) . Here some of the is , S's and F's  may be the identi— 
cal atoms. 
                                    r, 1
4
a 4(E) z        v „
t(st)_ 
As{' 
  Then the perturbedj th orbit 
(e) is 
Ej'= Ej+ E(f/Ej)7+(st)=1"(b'Ej)st±(SEj)9$ 9=) 







 +C (o(~ o a2/32, (V3, f¢ 0(272, ajge 16212, 74) t (66) 
where ( CiE) , , (5E) )St and (i£) )5,4 are energy changes caused 
by perturbations a,' , , ' and rq , respectively, and are 
given by Eqs. 1, 6 and 11. and C means the cross term among 
Perturbations. For instance C( x2,0«13 , ( 4) consists of cross 
terms of orders Q(,' a2 , a,' a3 , .....9 a2/ of 31 9 
o(,' /„11' , 0(1'fl / 9 .....9 a1//3,/ 9 .....7 fl'/&Z 93' 
       /~Z'/~3', .....; and c( DO, o(23, a/32, p39aI29 p,rZ)   ~"/(
is(«')Z/? of orders (o(//)20(21,.....9a,
nz~3~ .....9~"'l 
..... 9~(~'D(Z'~il'9 .....o( r'(Is,'), ....., O(, /73,/23"4,94442 
/j 'A2/ /J ' 9 ..... , O(1 ' ( 4)2 )  , .. . . . , /J /' (7 r)2 
 9 ....... The perturbed separate bond order by this orbital of the bond 
(u i ) in the system d (E) is 
      NG 
p5=puu'+E(bpu,')r+CBpuU')St+(~pmu, )7t r=i(50=1'9=1 
CCoe ap, 2) #-C!0 , cx2A, 0(A , of , /312 ) 
+C(oc 3~ QK fl 0,,p 3, /3¢c2f2 dig/t,/32/2,14)+-----(67) 
 where ( )u„')r, ( v))st and ( 5puv5)44 are the changes 
 caused by a,' , /3st ' and f q , respectively, and are given by 
 Eqs. 2, 7 and 12. The perturbed separate bond order by this 
 orbital of the bond ( ) in another system, say, the system 
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  4,(E), is 
 pig' +Cfa(r,)2,~(r,)2}(68) 
+c{a2(r,)27 ov3(70,p2(/,)2 / (7,)2)+-- ---
    The perturbed kth orbital energy of a system, say, 
the system 41 (s ) 
/, is 
        y 
    /~k-(ik+(~'(~k)+Lf(/)2, 13(1)Z}'y 
        +l.{2(x,)2,0(7,)2• z(1',)2,r2l/,)2}+•_-.•(69) 
 The perturbed separate bond orders by this orbital of bonds 
 ( /-4  ) and (u.L ) are 
P~~'k=pfyk+(sp,m4), +c{oc(r,)2,/6(r,)Z} (70) 
         +cRe(r.)Z 0(R(y,)2,732(r,)Z,72(r,)2J+------ 
   P„,'k=(p ))4 +c10((6)2,/3(I,7'1 
                                           t (71) 
        +cf o(2 (r;)zoc16(r )2p2( r  )212(1; ) 2J+- 
 Also this bond order by this orbital of the bond (jay) , which 
  is located in another system, say, the system /Jk(E), is given 
 by 
pfivm =c{(r,)2(rk.)21+(72) 
      The perturbed separate bond order of the bond which is 
  made anew by perturbation between conjugated systems, say, 
  the bond (/ ,) between the systems 0(E) and 0,(E), may be 
  written as 
P =(opal), +c{«r,,/1,j+C o('T,,«Rr,,1621;, I 
+c(«'r, «2,ar,, 0(16-21,, fi ,,«r2/„Aex,«(r,); (7-333+------ (73) 
_30_
 Pee  cOpit'k)14 +cfor,, fir, J-r c(a2r,,a18 -, 4'r, , 72/, 
l       +Cf
0('l,aZ~7dA2r,15314 0(727,, per,,acy,~3)~(r,!g }+------(74) 
P,4'`—ci(4)Zr3+C{acroZ1',,(Y9)Z1'ii+------ (Q = 2.3,..- •; h )(75) 
As for the total 7r electronic energy an equation similar to 
Eq. 66, as for the total bond order (and the electron density) 
one similar to Eq. 67, and as for the total bond order of a 
newly formed bond one similar to Eq. 75 may be obtained. 
     Thus it has become clear to what order of perturbation 
terms the additivity rule applies, and what kinds of terms 
appear in several molecular quantities. If it is necessary, 
one could formulate cross terms in reference to the results 
of two perturbations. 
S8. Degenerate Systems 
     In the previous sections it was assumed that no molecular 
orbital is degenerate with any other molecular orbital in the 
same molecule, not with molecular orbitals in any other 
system to be subjected to conjugation. 
     Even if some levels in the non-perturbed systems are 
degenerate, so far as they are chosen mutually orthogonal, 
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 the perturbed orbital energy and the perturbed separate bond 
 order (and electron density) corresponding to  non-degenerate 
 orbitals are not affected at all, that is, equations derived 
 in the preceding section, giving separate quantities, are 
 valid also in this case. 
      As for degenerate levels, on the other hand, the sum of 
 the perturbed orbital energies or of the perturbed bond orders 
 over all the degenerate levels is easily obtained by taking 
 a limit of the corresponding sum which is derived as if they 
were not degenerate. For instance, in Case I, when the ith 
and the (1+l)th levels are degenerate, 
£C i EC+t = ~i [Et, model + ti-I ; d" I 
=2Et -[a(Et+Eli-Oir+iREL+Et+,)]S 
all CrbCra ((VC"- C1-1- est+i) 
+2 t(arra51)+------(76) 
ctkt+!) Et — Ek 
where 
Ie(£t+£t+01,-=[(Crt)2-1-(Crt''T ja , 
cdf (Crk)2 [(Crt)z±(Crt+')2] 
(4ft,t+1) Et - Ek 
and et ; nondelis given byEq .27,which is derived for non-
degenerate system. Explicit formulae for other various 
degenerate cases are omitted here f or the sake of brevity, 
                                -32-
but one might write them  dorm without difficulty according 
to the above principle. The total zrelectronic energy and 
the bond order (or the electron density) being represented 
as the sums of orbital energies and separate orders (or 
densities) over the occupied orbitals, it is concluded that, 
even in the degenerate cases, if all the degenerate levels 
are occupied, the degeneracy does not affect the additivity 
rule, though concrete formulae involved may differ from the 
case of no degeneracy. 
S9. Discussion 
    By the results obtained in the preceding sections the 
additivity rule concerning multiple perturbations and its 
limits of use have been clarified. 
     When a hetero-substitution of an atom in a conjugated 
system causes changes of the Coulomb integral of the atom and 
of the resonance integrals between neighboring atoms, their 
effects as a whole may be additively estimated in the first 
order perturbation treatment. When introduction of a con-
jugable group into a conjugated system as its certain atom 
gives rise simultaneously to a change of the Coulomb integral 
of the atom, the additivity rule applies to the first order 
terms. 
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      Further, for the  introduction of many substituents and 
  hetero-substitutions, the additivity of these effects are 
  materialized, and various examples are seen in experiments. 
 The additivity of shift of absorption sprctra would be ex-
 plained by the additivity in the orbital energy. The vector 
 additivity of dipole moment would be understood as the
 additivity in the electron density or in the amount of cherge 
 transfer. Aono and Higuchi4) interpreted the additivity of 
 hyperfine slitting in the electron spin resonance spectrum 
 of substituted semiquinones in terns of the additivity in 
 the unpaired electron density. 
      Speaking of reactivity indices, i.g. the frontier electron 
 density, pout , localization energy, E'(localized state) — 
E'(non-localized state), total x electron density, R„ , free 
 valence, 4 3 - E`Puv, and most other indices, the additivity 
 rule is applicable to a certain order of perturbation terms . 
 Superdelocalizability is also proved to fulfil the additivity 
 rule. 
     If one practically evaluates the cross terms appearing 
in the formulae, one would be able to discuss the deviation 
from the additivity rule
, which is also often realized in 
experiments. 
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                   Chapter 3 
          Reactivity Indexes in SCF Method 
 §l. Introduction 
     In order to interpret chemical reactivity of conjugated 
molecules, there have been proposed several quantum-mechanical 
methods in LCAO MO treatment, such as the frontier electron 
method (frontier electron density and superdelocalizability 
as reactivity ndexes)1) the static method (total 7u-electron 
density and self-polarizability for an ionic reaction and 
free valence for a radical reaction)2), the localization 
method (localization energy)3), and so on. 
     Within the scope of the simple LCAOMO treatment, where 
electronic interaction is not explicitly considered, total 
7t-electron density of an alternant hydrocarbon is unity for 
all the positions4), and accordingly in terms of the static 
method the ionic reactivity is to be determined by self-
polarizability of each position. But once electronic inter-
action is taken into account, the uniformity of totals-
electron distribution is immediately extinguished, so that 
its magnitude comes to correspond to the ionic reactivity in 
a molecule in the static method. For trans-butadiene the 
coefficients of AO's in MO's, calculated in semi-empirical 
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SCF  method5), in non-empirical SCF method') and in non- 
empirical SCF CI method7), show the larger 7c-electron density, 
i.e., the larger electrophilic reactivity, at the position 2, 
contradictory to the experiments. Further, semi-empirical 
SCF calculation on naphthalene leads to an erroneous 
prediction of electrophilic reactivity8). 
     For the purpose of obtaining more information on re-
activity indexes, in the first two sections of the present 
chapter, we determine the coefficients of AO's in MO's of 
anthracene by semi-empirical LCAO SCF method. In the last 
section it is examined whether or not each of total T -electron 
density, free valence and frontier electron density remains 
a good index of chemical reactivity in SCF treatment. 
@2. SCF Calculation on Anthracene 
     Roothaan has developed in detail the general formalism 
of LCAO SCF method for the closed configuration of a 
molecule9). This will not be repeated here for the sake of 
brevit-.T. Using his theory with only n -electrons considered 
explicitly, we numerically calculate the coefficients of 
AO's in SCF MO's of the ground state of anthracene. 
    The numbering of atoms and the co-ordinate of symmetry 
operation are shown in Fig. 1. The bond distances are taken 
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 to be 1.370A for the bond 1-2, 1.396  A for 9-11, 1.408 1 for 
 2-3,  1.423 lei for 1-11 and 1.436 1 for 11-12, and all the bond 
                                        010) 
 angles are assumed in a good approximation to be 120 
      Necessary numerical evaluation of the reasonance integralLL 
/Dj+v, and the Coulomb repulsion integral, );/41,, is carried 
 out on the semi-empirical formulae proposed by Pariser and 
Parr11). In the expression of the Coulomb integral,ovt , 
 cx~= P
~{rp~+(v`,`/`))(1) 
no particular values of the Coulomb penetration integral, 
(v :/o/t),  have been given by Pariser and Parr, and on the 
theoretical consideration12) we have determined its average 
value as 0.85 eV. when the atoms and and are adjacent, as 
0.08 eV. when u and v are separated by a single atom, and 
as zero otherwise. W2p in Eq. 1 is as usual the electronic 
energy of a carbon atom in its valence state and is regarded 
as a constant. 
    The obtained SCF MO's, chi , of the ground state of 
anthracene and their orbital energies , eZ , are collected in 
Table I, together with un-occupied MO's. 
      Deviations of all the observed bond angles from 120° 
are about 1-2°. 
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    §3. SCF Reactivity Indexes and Discussion 
    First of all we define  SCF frontier electron density in 
the same way as in simple LCAO treatmentl), where the frontier 
orbital denotes the highest occupied one for an electrophilic 
reaction, the lowest unoccupied one for a nucleophilic 
reaction, and both for a radical reaction. 
     The calculated results of total r -electron density, 
free valence and frontier electron densities of anthracene 
are given in Table II. Values of these reactivity indexes 
in SCF method of naphthalene and trans-butadiene are collected 
in Tables III and IV, respectively. 
     Total 7t -electron density of anthracene is the largest 
at the position 11 and decreases in the order of 2, 1 and 9. 
The position 11 being out of the question because of its lack 
of hydrogen to be substituted, an electrophilic substitution 
should take place at the position 2 and a nucleophilic sub-
stitution at the position 9 on the basis of the static method. 
This prediction contradicts experimental results that the 
position 9 is the most reactive in an electrophilic substitu-
tion. Concerning naphthalene the position 2, where SCF total_ 
r-electron density has the largest value as shown in Table III
, 
does not actually suffer from an electrophilic substitution
. 
Furthermore, as for butadiene Table N shows that t
otal 
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 A  -electron densities by semi-empirical SCF method, by non-
empirical SCF method and by non-empirical SCE CI method lead 
to the same erroneous prediction that the position 2 is the 
most susceptible to an electrophilic reaction. Thus SCF total 
2r-electron density is no longer a good index for chemical 
reactivity. 
     On the contrary, it will be valuable to emphasize that 
SCF frontier electron density correctly predicts the most re-
active positions, that is, the position 9 in anthracene, 1 in 
naphthalene and 1 in butadiene for all the three kinds of 
reactions. It may be, therefore, concluded that frontier 
electron density remains a good reactivity index even when 
the electronic interaction is explicitly included. 
     So far as our approximation is concerned, free valence 
seems to give correct results in the three hydrocarbons, as 
shown in Tables II, III and IV. In comparison with this, we 
have collected in Table V values of free valence of some 
hydrocarbos, which have been derived from the SCF bond orders 
obtained by Pritchard and Sumnerl3). It can be seen in Table 
V that this free valence leads to a seriously erroneous 
conclusion for anthracene and for pyrene: anthracene is
, as 
is well known, the most susceptible to a radical attack at 
the position 9 , and pyrene is so at 1. On inspection of these
and other results of SCF calculationl5),it may be said that 
the value of bond order, or that of free valence, varies very 
easily depending on the degree or approximation employed and 
on the semi-empirical method of evaluating atomic integrals. 
Such an unstable quantity would probably not deserve a 
reliable reactivity index. 
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  Table  II. Values of SOP Reactivity Indexes of Anthracene 
                                        Frontier electron density
Total -electronFree--------^----------------- 
   densityvalence Electrophilic Nucleophilic Radical 
  0.9830.459 0.1320.098 0.115 
  0.9890.443 0.0890.070 0.080 
  0.9060.511 0.4610.574 0.517 
  1.0750.130 0.0490.045 0.047 
   Table III. Values of SOF Reactivity Indexes of Naphthalenea) 
                                         Fontier electron density
Total X-electron Free 
densityvalence Electrophilic Nucleophilic Radical 
  0.9670.4530.3340.3390.343 
  1.0030.4350.1660.1620.157 
 1.0620.158000
                 Table IV. Values 
               Total  i-electron
Positiondensity 
A) Semi-empirical SCF methoda) 
 10.938 
 21.062 
B) Non-empirical SCF methodb) 
 10.975 
 21.025 
C) Non-empirical SCF CI method°) 
 10.978 
 21.022 
 a) Ref. 5.b) Ref.
of SCF 
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Table V. Values of 
         in Rougher
SCF Free Valence 
Approximations)
of Hydrocarbons
 MoleculePositionFree valence 
Naphthalene10./147 
                20.420 
Anthracene10.473 
       20.441 
       90.468 
Phenanthrene10.431 
       20.408 
       30.409 
       40.428 
       90.474 
Chrysene10.461 
       20.464 
       30.439 
       40.434 
       50.435 
       60.436 
Pyrene10.432 
       20.395 
       40.485 
a) Ref. 13.* 
* Their assumptions are the same as those that are presented 
 by Poplel4), the main points of which are (1) neglect of 
 the Coulomb penetration integral, and (2) assumption of 
equi-bond-length and of regular hexagone of carbon ring, 
 and (3) that the Coulomb repulsion integral, T/u v , is 
  expressed in the following form. 
Vp v = e%R~v (R~ y : distance between the atoms (a and v ) 
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                   Chapter 4 
  Localization Energy with Electronic Interaction 
 81. Introduction 
    The localization method by Wheland1), in which locali-
zation energy is employed as the reactivity index, has 
achieved successes in interpreting chemical reactivity of 
conjugated molecules2). On the other hand, total At-electron 
density3), self-polarizability4), free valence5), frontier 
electron density6) and superdelocalizability7) are introduced 
as good reactivity indexes in the approximation of the simple 
LCAO treatment, Regarding alternant hydrocarbons (AR's) 
some mathematical relations have been found between locali- 
zation energy and other reactivity indexesg). 
    In the previous chapter, utilizing LCAO SCF wave func= 
tion where electronic interaction is explicitly included, 
we have found that the total A7-electron density can not 
predict the correct reactivity of molecules, while the 
frontier electron density remains a good index for both 
ionic and radical reactions in LCAO SCF MO treatment just 
as well as in usual simple LCAO MO treatment.9) In the 
present chapter, we have defined and calculated the 1'cali -
zation energy under an explicit consideration of electronic 
-47-
interaction, and comparison of the  results obtained by the 
present method with those in simple LCAO treatment has been 
made. 
$2. Model of Localized Systems 
    According to Wheland's definition the localized system 
in the transition state has the configuration in which the 
attacked carbon atom is spa-hybridized, so that the reson-
ance integrals between the attacked atom and the neighboring 
ones are taken to be zero. More precisely the integral does 
not completely vanish; however, in order to be faithful to 
the concept of the term "localization", we assume that the 
resonance integrals between the attacked atom and the others 
are always zero. This assumption may be reasonable for our 
approximate calculation. 
     Here one more problem arises: Simple treatment naturally 
allows us to deal with the two parts, the localized electrons 
and the residue, independently from each other; but when we 
want to take the electronic interaction into account, the 
interaction between the two parts, and that between those 
two and the attacking reagent must be considered, as well 
as the mutual interaction of electrons inside the residue*. 
     * In electrophilic reaction
, the interaction between the 
two localized electrons is also to be included. 
-48-
Concerning this point, two approximations would be employed. 
As the first approximation (Approx. 1) we simply assume the 
two parts to be independent, that is, the only electronic 
interaction to be taken into account is that which acts 
inside the residue*. In the second approximation (Approx. 
2) the interaction between the two parts shall be treated 
as a perturbation. The effects of attacking reagent, which 
do not seem essential to the  localization method, are 
thoroughly neglected for simplicity in both approximations. 
  §3. Formulation and Evaluation of Atomic Integrals 
     The wave function %0 of the "isolated" system consist-
ing of 2Tt carbon atoms and 2/1 7C-electrons is given as 
follows:
/' I  (0ld)' (/,,2)'(cb2c()' ------ (On /691  Igo --------     41(2n)! (0 
1002 (00)2(02a)2 ------ z )2 
             ( )10()Mi f(02a)zn ----- ((P 70)21'
(I/^(2n)! )[(01(x)'(473)1(020()3-----(On p)" I 
                                  (1)
   * See footnote on p. 48. 
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 where so- is the i-th MO, a and p are the spin functions, 
and the superscripts denote the numbering of electrons. 
Each MO should be chosen to minimize the electron energy of 
the system; but so far as the evaluation of localization 
energy with electronic interaction is concerned, it seems 
sufficient to use Huckel MO 
      = 0/, (i= 1, 2, ..... , 2 n) (2) 
where 0/, denotes the AO on the /u-th carbon atom. 
     Introducing a SCF-like procedure proposedby Poplel0), 
we obtain the following expression of the total electronic 
energy of the system F. 
 Eo=2n U+(7,o,0/¢) (p~„)2 * puv 
         i(P',/,-I)(p„ - ()-(,~2)(P~v)Z;r~
                                 (3)
where U is a core matrix element and is put a constant, 
l3 is the resonance integral between the nearest neighbors, 
and T, is the Coulomb repulsion integral 
7," 1.      0,*(00„* (2)  r z 95,10 ) 56~(2) d v, d vz (4) 
and 
p,,v =2 i c c 
                                 (5) 
        Core-core repulsion energies are included in all 
the expressions of energies in this paper _ 
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Summation  E and -E* should cover all the atoms and the 
nearest neighboring atoms, respectively. In deriving Eq. 3 
the same assumptions as proposed by Poplelo), for instance, 
of equi-bond-length, of neglecting the Coulomb penetration 
integrals and so on, are employed. 
     From the assumption made in the preceding section the 
grave function XE of the "localized" system (transition 
complex) for electrophilic reaction, in which two electrons 
are localized on the carbon A , may be written as follows: 
XE=(V^(272--2)1 )[(sh',a)'(0V)2------ 
       x (p/7„,QQ2n-3 (Alit ,/e)277-c 1 
X(1/17z1)[(0aa)zn-'(0,(16)2”)(6) 
wherecis the i-th Heckel ID for the residue consisting 
of (2n-1) carbons, 
0L=EcZaOfi (i=/,2 2~2-~)(7) 
Here we refer the superscript "r" t
o the residue of the 
molecule. The two parts being treated separately (Approx. 1), 
the energy of the system, EE0 , is given as followsll): 
—51=
 E  0 = 2U+yp~ +(2n-2)U+(X,i/4/a) (P i )2 
+2 E* + E{(P —1)(p+„—I) 
p<v p<„ 
(8) -0/2)(p v)2J r~~ 
where 
p  =2 Z c'Z,~c,~(9) 
L=, 
The first two terms correspond to the energy of the localized 
electrons and the others to that of the residue. When the 
interaction between the parts is taken into account in 
higher approximation (Approx. 2), the interaction energy EE,: 
 EE, (P~I,-~)r~~(10) 
is to be added to the energy EEC* 
     Also for nucleophilic reaction, through the similar 
consideration as for electrophilic one, we easily obtain the 
following formulae. 
xN=(~/~/(27)! ){(ç',)',1)2------
     2-'T(0;0)2'21(11) 
Enro= 2n U + ()friu /4) T (P-,./u )2 
     +2Z4`per+,E{(P-1) 
x(P-„- )- (~/2)(P-,iv )2} rp„(12) 
-52-
                                  (13)
 n (14) 
For radical reaction, 
X=(1/(2n—1 )' )[(Y i0)1W n)2 
      X (V72-1 a)2R 34-,/3)2n-2
                                  (15) 
     x(V 'gia)") -COAX)' 
ER, U+(292-I)U+Ipu ~17'`f'7,`P/9/.~ 
+2/3Y P E{(P°aa-1)(P —i) 
                                   (16) 
                                  (17) 
£R, = 0 
P`YU°= ti 6-2/iCaY=(2/2)1) pi., 
 p-:( ) 
 The first term in Eq. 16 refers to the localized electron 
 and the others to the residue. 
      As regards the AH, whose MO has special simplifying 
 properties, Eqs. 8, 10, 12, 13 and 16 can be reduced to 
—53
simpler ones, that is, 
 ENO  —EEO 2nU+(76,x/4) j(n—1 )
              st 
+ E{/+(c'„A)2}2-j+2/3 E Pfiu 
st, st st, unst 
—~— (cc)2 + E (p)2(7/2) 
       st 
q  E -        =E, ^-(G9421..*                                      sl 
                                               st
ER0 =2nU+(ruu 4){(271-/)- (cn/d)41 
st,st 
+2/,3 E* -1 E (cnicnL)z 
              st,w[st
7~      +)23(rfrzi2} 
/u, L 
st UnSt 
Summation and E should cover all the starred and 
unstarred atoms, respectively. 
    The localization energies, L, of the A_ -th carbon 
are, therefore, obtained from the following equations. 
 Electrophilic Reaction 
    (Approx. 1) L 0 -EEO- Ea 
(Approx. 2) LE _ EEO +8e1— 8o 
  Nucleophilic Reaction 
(Approx. 1)LH -ENO-EO 
    (Approx. 2)N = E No + Ely/ — E o 
 Radical Reaction 
(Approxs > 1 & 2) L R - Eko + Eo 







    It is easily proved that the following wave functions 
 %  E and Xiz , instead of Egso 6 and 15, directly lead to 
he same energy expressions that were derived in Approx. 2, 
E'E and E'R respectively. 
    E_(1/1(272)!)f(0' )'(y'r~)2•-- (yiiz_ra)1n.-3 
x (P,7- GY)2R r(95aA )2n 7(23) 
= EEO +EFI(24) 
  Z' R = ('/1/(27?): ) [(P•a)164'r)3)2... (0'n _rcC) an-3 
       X (fir-,~)2'7-2('/^ 2 ) 
       x r(0:0002W- (95A.3)21? 
- (>Za )2'31(25) 
ER' = ERo 
                                 (26) 
     For numerical evaluation of and 71w are utilized 
the semi-empirical formulae introduced by Pariser and Parr12). 
For simplicity, as partly stated above, all the C-C bond 
                                                                      O distances are assumed the same, 1.391, and all the carbon 
rings (five-and seven-membered rings for azulene and 
fulvalene, six-membered rings for the other molecules now 
considered) are supposed to be regular, and polyenyl bond 
angles to be 120°. 
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             §4. Results and Discussion 
     The calculated results of localization energy, which 
is defined in the preceding  section,  of seven ARts and two 
non-AH's are listed in Tables I and II***, together with 
those obtained by simple LCAO treatment. 
     As is seen from Eq. 20, the interaction energy between 
the localized electrons and the residue in nucleophilic and 
in electrophilic reactions is necessarily negative for the 
AH, namely, there rises some stabilization of the system 
from the interaction, this seeming true also for the non-
AE (cf. Eqs. 10 and 13); and accordingly the values of the 
localization energies, L, and L,, in Approx. 1 are larger 
than in Approx. 2. For all that we can see in Table I and 
II that in both approximations we obtain nearly the same 
'** For the position 2 of butadiene, the wave functions of 
the localized' system are expressed in the product of wave 
functions of three parts, as follows: 
xF=('/V )C(p,' ')'(so,,C)2~ 
x ('/v) [(932003(02i3)] 
               rl(o2a)3 (4~/2)'¢],l,   xR      =(1/17-) [(C1Va~)'(CD /!_)zI-(5610o3.  (Ad. ) 
ZN= ('/V) [(voc)i(c ,872 
x(VV )C(0r003(950)¢1 
In Approx. 1 three parts are treated independently, whereas th
eir mutual interactions are taken into account in Approx. 
2.
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intramolecular orientation, which will be discussed in the 
later paragraph in detail. In radical reaction, on the 
other hand, the interaction energy formally vanishes (cf. 
Eq. 17), and therefore both approximations give the same 
value of localization energy. 
     It will be seen  in Tables I and II that the magnitude 
of LR is generally much smaller than those of 4 and 
LE in both approximations, whereas in the simple LCAO 
treatment the magnitude of LR lies between those of LN 
and LE . This by no means admits that the activation energy 
of radical reaction is smaller than those of the others, 
because effects of reagents and changes in the 6-system 
are conventionally set aside from this argument. Especially 
for the AH Eqs. 19 and 20 show the relation LE = LN within 
each approximation in accordance with the result obtained 
by the simple treatment. 
     It may be valuable to notice that both approximations 
indicate the same intramolecular orientation as the simple 
treatment for all the reactions of the molecules now concern-
ed, except for the ionic reactions of phenanthrene in 
Approx. 1. Accordingly, its agreement with experimental 
results is mostly good, but the facts that azulene reacts 
at the position 1 in radical reaction13)( LR is the smallest 
-57--
at 4) and that the position 4 of biphenyl is more reactive 
than the position 2 both in radical and electrophilic 
 reactionsl4) ( LR and Ls indicate 2-orientation) can not 
be explained on the basis of the localization energy, 
whether the electronic interaction is taken into account or 
not. In fulvalene the position 1 is shown to be the most 
susceptible to attack by localization energies and the 
position 2 is so by frontier electron density15), super- 
delocalizability15) and total 7u-electron densityl6), 
further experiments being awaited at this point. 
     It seems also interesting that, except for the mutual 
coincidence of the most reactive position, the order of 
reactivity of each position in azulene does not coincide 
with one another in the three treatments; in electrophilic 
reaction, for instance, the reactivity of each position 
decreases in the order 1>5>2>4>6 in the simple treat-
ment, 1)>2>5>6>4 in Approx. 1, and 1> 5>6>2> 4 in 
Approx. 2. 
    As it is seen in Fig. 1, agreement of the intermolecular 
order of reactivity predicted by the simple treatment with 
that obtained with electronic interaction is not so good in 
Approx. 2; and in Approx. 1 the agreement is a little worse. 
Non-AH's, azulene and fulvalene, largely deviate from the 
-58-
linear relationship of Fig. 1, but unfortunately there are 
no available data to check which result is correct. 
    From the above discussion it might be concluded that 
the localization energy, in which the electronic interaction 
is taken into account, can be a pretty good index of chemical 
reactivity. 
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   Localization energy in simple treatment (-18) 
. 1. Relationship between localization energies in 
 simple treatment and with electronic interaction. 
O : Radical reaction, : Ionic reaction 
  (Approx. 2); E: ethylene, Btu.: butadiene, Bz: benzene, 
 N: naphthalene, A: anthracene, p: phenanthrene, 
 F: fulvalene (FN-: nucleophilic, FE : electrophilic), 
 Z: azulene (z : nucleophilic, Z : electrophilic). 
Only the position of the smallest localization energy 
 of each molecule is plotted. The straight lines are 
 only for AH's.
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    a) In units 
    b) In units
 Table I. Localization Energies of Alternant 
    PositionIonic (4=4)a) 
                 Approx. 1 Approx. 2 
--13.695 6.395 
    111.854 6.324 
    214.467 7.167 
               13.834 7.334
l12.918 7.134 
    213.470 7.473 
    112.575 7.160 
    213.233 7.676 
    911.806 6.882 
    112.821 7.212 
    912.872 7.147 
    213.157 7.191 





Approxs. 1 & 2 
    3.165 
    2.590 
    3.937 
    4.995 
    4.411 
    4.888 
    4.255 
4.755 
    3.636 
    4.604 
    4.361 
    4.905 






















Table II. Localization Energies 





















































































                     Chapter 5 
          Frontier Electron Theory and Z Value 
 §l. Introduction 
     For all the MO (molecular-orbital) theoretical con-
tributions which have been made on the chemical reactivity 
of conjugated molecules, there remains much to be revealed 
on the essential feature of aromatic substitution or of 
other reactions of conjugated molecules. 
     A theory of chemical reactivity of conjugated molecules, 
called the "frontier electron theory," has been presented 
by Fukui et al.l) In that theory the highest 
occupied and the lowest unoccupied MO's in the ground state 
played a dominant role. In other words, the intramolecular 
orientation could well be predicted by the density distribu-
tion of the electrons occupying these particular orbitals. 
The discovery of the peculiar behavior of these electrons 
(frontier electrons) may thus be said to have afforded 
materials which might be a clue to elucidating the mechanism 
of aromatic substitution. Nagakura and Tanaka2) concluded 
from experimental data that an electrophilic substitution 
takes place only when the lowest unoccupied level of the 
attacking reagent is of lower energy than the highest 
-6z-
occupied one of the substrate and that a  nucleophilic reac-
tion occurs only when the lowest unoccupied level of the sub-
strate lies energetically lower than the highest occupied 
level of the nucleophilic reagent. (This condition will here-
after be called condition A.) On the other hand Fukui et al. 
proposed a mechanism of aromatic substitution which involves 
a charge transfer through a hyperconjugation between the 
substrate and the reagent. In this mechanism the approach-
ing reagent and the leaving atom were treated as the con-
stituents of a pseudoatom having a w -type orbital (quasi-7t 
orbital). By adopting this mechanism the characteristic 
behavior of frontier electrons was successfully explained. 
and a reactivity index, superdelocalizability, which is 
applicable to predicting the intermolecular relative re— 
activity, was simultaneously derived.3) Further, in the 
latest paper,4) the mechanism of charge transfer , as pre-
viously mentioned, was investigated more minutely . The 
theoretical conclusions are summarized as follows: 
    1. In order that an electrophilic
, or a nucleophilic, 
substitution can occur, the energy of reagents must 
satisfy 
condition A. But it is to be noted that the 
meaning of the 
orbital energies is somewhat diff
erent from that of Nagakura 
and Tanaka. They settled conditi
on A oh the basis of the 
ionization potential and the ele
ctron affinity , in principle, 
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of the reagent having been submitted to the transfer of one 
electron, whereas we meant the Coulomb integral of the 
orbital, which will participate in the bond formation, of 
the reagent without charge transfer. 
     2. The energy of the quasi-  n orbital in an electro-
philic, or a nucleophilic, substitution rises or falls 
swiftly to the height of a frontier orbital instantaneously 
with hyperconjugation and then increases or decreases con-
tinuously with increasing extent of hyperconjugation to the 
transition state, where it will be near the Coulomb integral 
of a carbon atom. 
     3. Frontier electron density, superdelocalizability, and 
a generalized index are derived as reactivity indexes from 
the hyperconjugation energy at the transition state. 
    Recently, another theoretical contribution to the mecha-
nism of electrophilic substitution has been presented by 
Brown.5) At the transition state of the rate-determining 
step in some electrophilic substitutions of aromatic hydro-
carbons, he thought, a complex is formed between the substrate 
and the reagent because of a charge transfer through the 
position of substitution, and that thus the stabilization 
energy of the complex is the most important factor affecting 
the reactivity. After condition A concerning energy levels 
                               -66-
 lE
U'=
of the substrate and the reagent, he treated this complex 
quantum-chemically as an intermediate between the configura-
tion without charge transfer and the configurations cor-
responding to the transfer of one electron from occupied 
orbitals of the substrate to the unoccupied orbital of the 
electrophile, that is, in a simple form of configuration 
interaction treatment of the charge-transfer complex dis-
cussed by Mulliken.6) Thus he concluded that a quantity, 
what he called the "Z value," which refers only to the fron-
tier orbital of the substrate would be an index of reactivity. 
     In this chapter, mathematical interrelations between 
the superdelocalizability and the Z value are pointed out 
both in heterolytic and homol_ytid reactions. A few com-
parative discussions on the theories of the mechanism of 
aromatic substitution are also made. 
     §2. Mathematical Interrelations between Super- 
           delocalizabilitJ and Z Value---
          1. Heterolytic Reaction
    First of all the electrophilic reaction will be con-
sidered. Suppose eE(=oc+it,) and ef(=cY+Af,) are the 
energy of the unoccupied orbital of the electrophile and 
that of the frontier orbital for an electrophilic attack 
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(the highest occupied orbital) of the substrate, respectivel 
where  a and /3 are the Coulomb integral of a carbon atom 
and the resonance integral of a benzene bond, then condition 
A is written as 
ef`eF=(-/ )(h >0.(1) 
Since (-/g) is positive, Y must be positive. 
     It would now be desirable to summarize the procedures 
and results given by Brown.5) It was proved that the 
stabilization energy due to the contribution of all possible 
charge-transfer configurations is expressed in units of 
(-p) by the largest root (Zo ) of the following equation: 
ace 
 F(Z) =Z— '[2(Cri)2'Y2/(Z — ) l =°(2) 
where Cy is the coefficient of the 7th atomic orbital 
(Xr ) in the ith MO whose energy is cC+AtiO, is equal 
to (h -At), )' is a positive quantity which represents the 
extent of interaction between the y th atomic orbital and 
occ. 
the electrophile at the transition state; and should 
cover all occupied MO's. For small 7 , after utilizing a 
perturbation theory and neglecting higher orders of 7 1Z0 
is directly obtained from Eq. 2 , as follows: 
Zo`If[2(Cr02 If~_(3) 
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(the larger its magnitude, the more reactive that position) 
    Brown adopted  Z0 , calling it the Z value, as a re-
activity index for the electrophilic substitution, and by 
adjusting the values of h and -y succeeded in interpreting 
the rate of nitration of conjugated hydrocarbons. It is 
very interesting that in his theory the frontier orbital 
plays an exclusive role in deciding not only the intra-
molecular orientation but the intermolecular relative • 
reactivity. In this sense his theory may serve as an 
alternate physical basis of the frontier electron theory. 
But on this point some discussions are to be given in the 
last section. 
     We might add a few remarks on his procedure with re- 
sect to the following points: 
     1. Figure 1 illustrates two relations y= /(Z) and 
y =z, where 
            occ 
 AZ)=E [2(Crz)23,2/(z-YZ)].(4) 
Of the values of Z at interesecting points of the two 
relations the largest one corresponds to ZA. This 
figure will be useful later for comparing with the case 
where Y1 is negative. 
     2. In Brown's papers) it seems as if Eq. 3 resulted 
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from deliberately taking only two configurations (one without 
charge transfer and one with charge transfer from the fron-
tier orbital to the electrophile) into account from all 
possible configurations and then regarding  7 small. It is 
of importance to notice that the more general Eq. 2 , which 
includes all configurations, leads directly to Eq. 3  , 
provided 7 is small enough. 
     Now from the point of view of the quasi- 71- orbitals 
used in our previous theoretical studies, the configuration 
interaction treatment of the mechanism of an electrophilic 
substitution will be given. 
     According to our theory the energy of the quasi- rt 
orbital gets and stays higher than that of the highest 
occupied orbital of the substrate at the transition state. 
If we again put the energy of the quasi-) orbital ct + , 
Yf is negative in this case. These mathematical circwcn 
stances are essentially different from Brown's theory. 
Equation 2 is valid also in this case; but , as illustrated 
in Fig. 2, the largest root is never given by Eq. 3 . It 
is easily expanded with respect to 7 and, neglecting higher 
terms of 7 , is written: 
occ occ
~"+ Zo= [2(c,92/(- Yi)1),2= [2(C)-4-)2/(Ai,-h)1-y2.(5) 
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This is the same as that previously obtained by Fukui 
et  a1.. 4(b) a generalized form of the superdelocalizability. 
As an extreme case, when the adjustable parameter h, is 
taken as zero, Eq. 5 becomes imply 
         etc 
Zp = Z 12{Cfz)2/A i .77z           / z ° Sr()7, 2(6) 
where Sr') is the superdelocalizability for an electro— 
philic attack. 
     Thus the superdelocalizability, which was theoretically 
derived in the hyperconjugation consideration,3,4)is now 
acquired also in this configuration interaction treatment. 
Apart from the difference of the models of substitution 
mechanism, especially of the meanings of h involved in this 
interrelation, the superdelocalizability and the Z value 
were both proved to be given as the largest positive root 
of Eq. 2 corresponding to the positive and the negative 
values of Yf, respectively. 
If Af is equal to h , i.e., Yf is equal to zero, Z0 
is written in a modified form as follows: 
                            0«-f 
 Z0 =V GlCr'I 7+ [(Cri)Z/Yi 1 Y2.(~) 
Here the frontier electron density comes to determine a 
greater part of the reactivity. 
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 For a nucleophilic reaction, though Brown did not treat 
this case, if one similarly defines the Z value according 
to condition A, one will easily find that the Z value is 
mathematically related to the superdelocalizability in the 
same way as for an electrophilic reaction. 
     §3. Mathematical Interrelations between Super-
         delocalizability and Z value-----
        2. Homolytic Reaction 
     In order to clarify the interrelations between the 
indexes derived in various methods, an analogous treatment 
would be significant also for a radical reaction. Possible 
doublet configurations are classified into three classes: 
the configuration without charge transfer (R• ••• A H , 
wave function a ), those corresponding to one-electron 
transfer from the i th occupied orbital of the attacked 
molecule to the half-occupied one of the attacking radical 
( R- • • • Ark', wave function ZYi ), and those from the half-
occupied orbital of the radical to the j t11 unoccupied one 
of the molecule (R+• • • ArN; wave function tj) . Inter-
configurational integrals have the following values: 
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 f41o1[/kdv=(Crk)JxRHxrdv=C,kYA 
Ck: every ma),(8) 
fll/kl-Vkid-v=0, 
               (k, l :every MO ; k C), 
where H is as usual the total Hamiltonian, expressed by 
the sum of effective one-electron Hamiltonians H , and XR 
is the half-occupied orbital of the attacking radical or 
the half-occupied quasi- x' orbital at the transition state, 
which has the energy of (X +V.  Thus F-(20 function is 
represented by 
occ 
F (Z)=Z- Z[(Crz)2y2/(Z—YL)] 
                                   f[OCC 
          —g1[(C,5)2y2/(Z+Y;) ]. (9) 
    According to our theory the half-occupied quasi-7u 
orbital lies between the highest occupied and the lowest 
unoccupied orbitals.4) Then the stabilization energy in 
units of (-/3) at the transition state is 
Zo=(" [(Ci)2/(Ai—h)11-7 [(C,))2/(h— A;) 1}7'2 • (10) 
If we put h equal to zero, this reduces to 
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  0CGymACG 
20-1L(Crt)'/Az]+r[(Cr5 )2/- Aj ] 1 )' z  (11)
which is, namely, the superdelocalizability for a radical 
attack, also acquired in our hyperconjugation treatment of 
this problem.* In this connection Nagakura and Tanaka2) 
state that the energy of the half-occupied level of most 
radicals is lower than that of the lowest unoccupied level 
of the attacked molecule and higher than that of the highest 
occupied level. Then in the configuration interaction treat 
ment, it follows that the stabilization energy at the tran-
sition state, that is, the reactivity index, is expressed 
by Eq. 10 . 
     Thus, in a radical reaction, although not in hetero-
lytic reactions, the configuration interaction treatment, 
no matter to which of the quasi- 7L orbital or the half-
occupied orbital of the radical our attention may be paid, 
* In more scarce cases, when the hall"-occupied level 
lies lower than the highest occupied one of the molecule, 
that is, Yt>0, Zo is obtained as 
za =Yf+(c,,)2y2 /yf 
And when the half-occupied level stands higher than the 
lowest unoccupied one, a similar equation would be given. 
To these representations, only one or the other of the 
frontier orbitals is contributing, rather resembling the 
case of the Z value for heterolytic reaction.
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may be said to present the identical index to the 
 hyperconjugation treatment. 
§4. Discussion on Charge Transfer Mechanism of 
        Aromatic Substitution 
     In the preceding section we derived some mathematical 
correlations between the Z value and the superdelocalizabi— 
lity. As to heterolytic reactions the former corresponds 
to the most positive root of the equation f(4 for a nega— 
tive value of Yf , while the latter does so for its positive 
value. 
     In spite of the mathematical interrelations and the 
similar viewpoints of two theories, both of which attach 
great importance to the frontier orbital, Brown's theory5) 
of aromatic substitution seems very different from the 
present authors' theory.1)'3),4) In this section we will 
make a comparative discussion of the two theories and point 
out some problems in the mechanism of aromatic substitution. 
             1. Extent of Charge Transfer 
     First, the discussion will be confined for simplicity 
to electrophilic substitution. According to Brown's theory 
the extent of the charge transfer , o qs , from the sub— 
strate to the electrophile at the transition state , is given, 
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regarding  'y small, as 
[2(Crf)2-'2/thE-AT )2 1,(12) 
where hF is the coefficient in the energy of the lowest un-
occupied orbital of the electrophile at the transition state, 
which is expressed as oC + AF/5 . Inspection of the third 
and the fifth columns of Table I and comparison of Eq. 
(12) with the corresponding reactivity index, 
Eq. 3 , make it obvious that the larger the frontier 
electron density, which is the intramolecul::r reactivity 
index as seen in Eq. 3 , on an atom is, the smaller the 
quantity of charge transferred through the atom. That is 
to say, a molecule suffers substitution reaction at the 
position through which the least amount of charge is transfer-
red to the electrophile. This prediction would see::-1 to
conflict with chemical intuition. 
     On the contrary, the extent of charge transfer in the 




where , is the Coulomb integral of the quasi- iC orbital
, 
being variable depending on .69h  . With the progress of 
reaction, that is, with the increase of .y , the charge 
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transfers continuously to the  quasi-7E orbital oozing out 
of the substrate according to Eq. 13 . This situation 
was explained in detail with the (oQh_ h,y) diagram. 
At the transition state, where it'', was taken to be zero, as 
clearly seen in the third and the fourth columns of Tabl9 I, 
the extent of charge transfer is completely parallel in a 
molecule to the frontier electron density, that is, the most 
reactive position is also the one through which the largest 
amount of charge transfers. 
     For a nucleophilic reaction the circumstances are 
quite the same. 
     Thuswe have encountered two mutually contradictory 
conclusions as to the relation of transferred charge and 
reactivity of one position. Further experiments will un-
ravel this entanglement. 
             2. Energy Levels of Reagents 
    Condition A was set up by Nagakura nd Tanaka in 
regard to the energy level of reagents in their isolated 
state, which has almost no concern with the transition 
state.2) Brown, however, applied this rule also to the 
transition state. Indeed he formally distingui
shed the 
transition state by marking t from the separated state; 
however, by adopting condition A, Yfr for the transition 
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state was made a positive  value. It might be dangerous to 
discuss the relative height of the unoccupied level of the 
electrophile at the transition state to the height of the 
highest occupied one of the substrate on the basis of the 
values in the separate state. 
    According to our theory, as it was stated in the earlier 
part of this chapter,  sn order for an electrophilic substitution 
to take place, the highest occupied level of the substrate 
must be higher than the quasi- 7L orbital energy which corres-
ponds to the unoccupied level of the reagent. And, since the 
Coulomb integral of the quasi- 7r orbital is decided by its 
charge density in order to satisfy self-consistency, it is 
natural that it lies lower than the highest occupied level of 
the substrate at the stage where no charge is yet transferred. 
     3. Variation of Level Energy during Reaction 
It is well expected that the energy of the reagent 
may vary considerably as the reaction proceeds. By introduc-
ing the self-consistent relation between the energy of the 
quasi- >r orbital and its electron density that the former 
gets higher with the increase of the latter, the present 
authors indicated without difficulty that the energy of the 
quasi- 7r orbital rises during the progress of reaction in 
an electrophilic substitution and it falls in a nucleophilic 
substitution, and consequently that it approaches the Coulomb 
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energy of a carbon atom. Since mathematical expressions 
were  given to these relations, one can easily trace the 
proceedings of the substitution reaction. 
    On the other hand, Brown did not take into account 
such a change in the energy level due to the transference 
of charge but rather that due to the solvation of the electro-
phile. But his discussion on the effects of solvation seems 
to be too complicated to formulate, and to make it difficult 
to follow after the completion of the reaction, including 
the feature of the activated complex, according to his 
theory. 
                 4. Transition State 
     It does not seem clear in Brown's model what the 
activated complex, or the transition state, of the first 
step of his mechanism is. The first step is 
E 
At-- H+E+; (II) 
tAr—H 
Though in his formalism he distinguished the activated 
complex of this step from the charge-transfer complex (II)
, 
the state to which his conclusion actually pertains seems 
to correspond rather to the complex (II) . To make a dis-
tinction between the two complexes may be difficult . 
    The definition of the transition state is clear in our 
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theory.3)  If one regards the three-center system consisting 
of the attacked carbon atom, the hydrogen atom, and the 
electrophile as the reaction center, the lowest occupied 
orbital of the system will be found to be a a orbital in 
nature. The transition state was defined as the state at 
which this orbital has the maximum energy during the 
course of the reaction. Near the state the next orbital was 
proved to have a 7C character, and the stabilization energy 
due to the conjugation of this quasi-7 orbital with the 
substrate was calculated as reactivity index. The super-
delocalizability is a scale of this stabilization energy. 
This treatment would be rational in an aromatic substitution 
which implies dissociation and formation of a 0" bond. 
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    Table I. Frontier  Electron Density and Extent of 
Charge Transfer Calculated by the Present Authors' 
Equation and by Brown's Equation.
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  a Following values of parameters are assumed in accord 
with Brown: hE = 2.0 and v = 0.6. 
b For the system which has doubly degenerate frontier 
levels Eq. 12 should be modified as follows: 
69b= l-2[(Ctf)2+(Cr/-9ZYY`/(hE"AI)2• 
This value was calculated with this equation.
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                    Chapter 6 
          Molecular Orbital Theoryof 
          Reactivities of Excited Molecules 
 @l. Introduction 
     In order to elucidate the mechanisms of reactions of 
conjugated or non-conjugated organic compounds which are in 
their ground state, a number of quantum mechanical, espe-
cially molecular orbital, studies have been performed and 
have achieved remarkable success in predicting theoretically 
their chemical reactivities1-4). In connection with the 
recent advance of techniques of photochemical investigation, 
chemical reactivities of electronically excited molecules 
have aroused our interest. 
     Because of the complicated characters and the multi-
fariousness of reactions of excited molecules, only a few 
theoretical discussions have ever been made. As regards the 
problem of their self-dissociation, some qualitative dis-
cussions in terms of the potential energy curve have pre- 
vailed5). For discussing the energy transfer reaction 
between an excited molecule and an unexcited one, the colli-
sion theory has prevailed as a powerful tool6). On account 
of the lack in systematic experimental data and, in addition, 
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because of the difficulties in the theoretical treatment, 
only a few quantum chemical studies have been presented on 
excited molecules involved in the addition reactions of 
large organic molecules. Photopolymerization of hydro-
carbons has been discussed in terms of free valence of the 
molecules in their lowest excited state. The intramolecular 
orientation in the reaction of anthracene or naphthacene 
has been explained  well7). But that of acenaphthylene has 
not beeng)s free valence of its lowest excited states is 
greatest at positions 5 and 6, and, on the contrary, the 
photodimer of the compound is produced through positions 1 
and 2; 
     In the present chapter, as was previously done with 
reference to the molecules in their ground state by the 
present authors% 10) and by Brownll), the reactivities of 
excited molecules are assumed to be parallel with the ? . 
stabilization energy at the transition state due to the 
interaction of the molecule with the reagent (molecule, ion 
or radical) through the position of attack. Under this 
assumption the reactivity indexes are derived by the use 
of the molecular orbital method. 
     Reactions of an excited molecule with an unexcited 
molecule are classified into several cases from the point 
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of view of the spin multiplicity of reactants. The  assump-
tions, the formulations and general considerations of the 
present molecular orbital treatments leading to the theo-
retical_ measures of reactivity will be described rather 
circumstantially in the first few cases, and in other cases 
only the indexes of reactivity derived will be given. 
§2. Reaction of an Excited Triplet Molecule 
         with an Unexcited Radical 
    First of all, attention is paid to the reaction of an 
excited triplet molecule (3A) with an unexcited radical ('6), 
where the numbers on the left shoulder refer to the multi-
plicity of the molecules. Here it would be rational for 
Practical purposes in treating photochemical reactions to 
assume that the molecule 3,has only one excited electron. 
Then the wave functions ofthese molecules are written as 
follows: 
T CA) -A[.. (y'1 d )--3 (0,A)— 
    o((n-1)o4(!/1) 
X(- 7 ,8(L) 
                  (1/17-2-)(O( (`m-1).B()`h/"p  (11-1)0011)1] 
1CA)-'f E(T/c4)xf(96/4?).-,(56,o(3j](1) 
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where  96/ and 563 are the molecular orbitals of molecules 
A and $ , respectively, whose numbering is schematically 
shown in Fig. 1, 01 and 02 denoting the lower and the higher 
half-occupied levels, of A , respectively, and (0) denoting 
the half-occupied level of the radical $ ; m , an even 
integer, is the number of electrons of the molecule A and 
n , an odd number, is that of the radical b ; A is the 
antisy metrizing operator including the normalization 
constant; and each line in braces may constitute one wave 
function. 
    The states of the total system consisting of the 
triplet A and the doublet B would be a quartet and a 
doublet. But the quartet, which would be proved later to be 
less significant in this discussion, is abandoned. The 
doublet wave function for Pis = 1/2* is 
2Z%2LZlA 3)1—Y' LO7=A E.-61;00'4-3 (  )7E_2 
                                                       ... .( 56/o( r+n-:c (56r/B)'"-n-1 (001 )R-/ 0,1 ) 
x (160 )+,t ((d,8+.o' ) of - 2 (o!d ),6}Ar 
                                  (2)
   -~ 
# pis denotes the eigenvalue of S2, the z comp_ onent 
of the spin momentum operator. 
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where,  for example, oc.d means o(( -1)/(m) d (1t+x). That 
for /15 =-1/2 is not written because the energetical argument 
is similar. Thus the state PLO] is assumed to correspond 
to the initial system of the reaction in question. If A and 
13 are far separated from egch other, the energy of the 
state is the same as that of the product function ''(3A)- 
y' (2B). The molecular orbitals may include all 7C ones and 
o- ones, but in this chapter we consider the reactions in 
company with only the k electron excitation, and hence °-
orbitals will rationally be omitted as making an invariant 
framework. 
     At the transition state of the reaction the two mole., 
cules, aQ and 25 , will stay at a distance, making a weak 
interaction through the atoms at which the reaction takes 
place. This interaction is assumed to be a kind of 7r-
conjugation and in this simple LCAO MO approach it will be 
represented by a small resonance integral rig between the 
atomic x orbitals Y and s of the reactants, A and R, 
respectively, where /S is the resonance integral of the C- ,0 it 
bond in benzene. This perturbation makes the initial state 
}O[OJ come to the direct or indirect interaction with 
various electronic configurations of the combined system. 
Of these configurations only those, which have energy matrix 
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elements with the initial state in scope of the simple 
 LCAO MO approximation, are taken into account. This means 
that the configurations (of course, doublet and Ms= 1/2) 
in which one electron transfers from 3A to 2QYand vice 
versa have concern with the transition state of the reaction, 
whereas those which correspond to intramolecular one-electron 
transitions do not. 
     Under theseassumptions the electron configurations to 
be taken into account are those corresponding to the follow-
ing one-electron transfers, represented by l -- /n , from an 
occupied or half-occupied orbital, L , to an unoccupied or 
half-occupied orbital, At.: 
                       02-.-(0), 02-'(.1`), Ol->(0), 01-~(J') 
                             .(0)-÷01, (0)-0-02(3)
(0) '-  (~) ~Ol, (j ) _' O2, (J 
where 
 = 1,2,...(occupied orbitals of 'A ) 
e = l',2'...(unoccupied orbitals of 3A ) 
(,1) _ (1), (2),... (occupied orbitals of 2$ ) 
(J') _ (11),(21),... (unoccupied orbitals of 225) 
They are schematically illustrated in Fig
. 2. For an 
illustration, the configuration associated with the transf
er 
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 02-'-(0), will have the following wave function: 
~02-'(0)J
(/        ~~...(5jo0()~x+„_.(5,R~ac+n-/(~,o~lv~rx(4) 
The energy matrix element between these configurations and 
the initial state can be expressed in terms of the integral 
y/8. For example, 
(5) 
Ir  [02 (a)] .) (0)dr = Jcr"ces Yr 
where and and ds, are the coefficient of the atomic orbitals 
y and s in the molecular orbital /t and Z of the molecules 
A and B, respectively. 
    The transition state of the reaction is the lowest 
energy state resulting from the interaction mentioned above. 
The difference in X electronic energy, i.e. the stabiliza-
tion energy, between the initial state and the transition 
state, was assumed in the preceding section to parallel the 
activation energy of the reaction, and accordingly the 
reactivity of the excited molecule. This stabilization 
energy would be expanded in powers of r by regarding it to 
be small. There arise three main subcases according to the 
mutual relation of the energy levels 01 and 02 of the 
molecule 3,Q and (0) of the molecule 28 *. In the following 
       Some rare cases, for instance, YY.,= > 0 or Yo t.o > 0, 
are not included for the sake of brevity. 
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 Yk,G denotes the energy in units of (-,Q) turned out in one 
electron transfer from the molecular orbital it of the one 
molecule to the molecular orbital 1 of the other one. 
That is, Yk.b is positive if the level k is higher than 
the level C and vice veras. Thus we reach the final re-
activity indexes of excited molecules. 
    (a) If Y02,, > 'T M > 0, that is, if the half-occupied 
level of the molecule `B lies between the levels 01 and 02 
of sA and is nearer to 01 than to 02 as is shown in Fig.3 
(a), the stabilization energy to the second order of )' 
is written in the following expression**: 
   4E[Y02.0r Cs~2)(Cy02)'(`0)2 YZJ(_fl) (6) 
7 D2 ,u 
     From this formula some general conclusions on re-
activities of excited molecules may be derived. In most 
reactions between unexcited moleculeq. a.ppear 
in the second order of )' , whereas in Eq. 6 the term in zero 
order exists. The appearance of the zero order term is 
^* In general the stabilization energies for each M?s 
component may differ from each other. In the surroundings 
of reaction no magnetic field being applied
, no specializa-ti
on of the component is possible and the mean of all com-
ponents would be significant as a real stabilization energy. 
In this case the energy for Ms=1/2 is the same as that for 
Ms=-1/2; also the mean energy becomes the sane. 
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universal in all the following cases and subcases, making 
clear the reason why the reactions including excited  mole-
cules proceed so fast. The difference in reactivity of 
several excited molecules would thus dominantly be decided 
by this term. The intramolecular orientation, on the other 
hand, depends on the term in the second order. More minutely, 
so far as attention is paid to the lowest excitation of the 
molecule A as is expected in real photochemical reactions 
of conjugated molecules, the atom where ( Cr2)2, the frontier 
electron density for a nucleophilic attach in the ground 
state, is the greatest is the most reactive in an excited 
molecule. The coefficient (3/2) is characteristic to the 
triplet A molecule. If the molecule A is excited in the 
singlet state it amounts to (1/2), as will be mentioned in 
the section 4. The difference would not necessarily mean 
the difference in reactivity of these two states, since the 
approximation is too simple to discuss at this point, on 
which there will be some discussion in a later section. 
    To the transition state the electron configuration 
corresponding to the one-electron transfer 02--'(0) has the 
greatest contribution, since the other configurations have 
the first contribution to d E in the fourth order. There-
fore, the direction of charge transfer is from molecule A 
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to molecule  B. 
    (b) If Y..01 >Y.2,0 > 0, i.e., if the half-occupied 
level of 2B lies between the levels 02 and 01, and nearer 
to 02 than to 01, as shown in Fig. 3 (b), then 
 ~E=~Y°,+ (~/2)(G,°')2(al)2 y', — )(7) Yo, o, 
In this subcase also the rate of reaction is great and the 
intramolecular orientation of the excited molecule is con-
trolled by ( )2 , the frontier electron density for an 
electrophilic attack in the ground state. The most con-
tributive configuration in this subcase corresponcls:to the 
transition (0)-,.01, resulting in a charge transfer from 
B to A. 
     (c) If Y. = >'o=,o  Y.,o,-› 0, i.e., if the level (0) is 
just in the midst of the levels 01 and 02, as shown in 
Fig. 3 (c), then 
                      41,,-F (3/2)-----------------------------------[(G-°,)Zt(cr 2)2~ (ds )22Ile-A) 
(8) 
A large rate constant is confirmed also in this subcase
, and 
                                                    Cr" )2+(Cr" )2] , the frontier lectron density for a 
radical attack in the ground state
, comes to the point. 
    So far as alternant hydrocarbons are concer
ned, however, 
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the equality  (Cr' )2 = ( Cr" )2 holds in the simple LCAO MO 
approximation, so that in all subcases and the following 
cases the most reactive position in a molecule in its lowest 
excited state is the same as that in the ground state. This 
explains the great reactivity of meso position of anthracene. 
Further experimental studies are anticipated with respect 
to the intramolecular orientation in nonalternant hydro-
carbons and heterocyclic compounds where the equality mention. 
ed above no more exists. 
     Here a comparison with experimental data may be given. 
Excited triplet anthracene was reported by Norrish et a1.12) 
to enter into the chain of polymerization of styrene in the 
following way: 
CHz CH • +A -- CH2— CH—A-(9) 
(Step a) 
   a Observed rate constant, ka, and calculated 7C stabilization 
energy AE are tabulated in Table I. The stabilization in 
the reaction a is calculated by using Eq. 8. Those of other 
reactions in which only molecules in their ground state 
participate are given by the usual formula for stabilization 
energyl0): 
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                             t2 Co tat     =(z v{ — ~,E(2-Li) 
 x  (Cr)_(dts'  Y y2(—,  )(10) 
where V4 is the number of electrons in the i,th molecular 
orbital of A. The extraordinary great magnitude of rate 
constant of reaction a is well understood in connection with 
the presence of the zero order term. Further, the position 
9 is the most active, at which anthracene would enter into 
the polymer chain. An appropriate choice of the value of 
y (=0.7) makes the log W's - AE plots practically linear. 
    The wave functions (Eq. 1) of 1A and '5 may be com-
bined so as to construct a quartet instead of the doublet 
(Eq. 2). The quartet state has matrix elements with some 
configurations in Eq. 3, only to give the stabilization 
energy in the second order. Because of the lacer of the zero 
order terms and, accordingly, because of the instability of 
the transition state, reactions would not be considered to 
proceed by way of the quartet transition state. 
3. Reaction of an Excited Triplet Molecule 
         with an Unexcited Molecule 
     The reaction of an excited triPlet molecule ( 3A) with 
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 an unexcited singlet molecule  ('B )* now comes to our 
 attention. Discussions are almost alike, so that the only 
im?ortant formulas would be summarized in this case and in 
the following cases. The numbering of molecular orbitals is 
illustrated in Fig. 4. The states of the combined system 
at the initial stage of reaction are represented by a set 
of three triplet wave functions, one with /is= 1, one with 
N5 = 0 and the other with Ns = —1, as follows: 
31F
1 — A [ ... (Y' o, ) -r n -I (Y'o2 ) on. r fG\ 
X oc (01-tn-1 )04 (mtn) 
x {d (77Lt 1) .B( tiz) 
(ii-n- 7 ) 0( (72+91)}/,11(11) 
- µ (Cbo, )n4-71-I ( 0O2 Yi"n" 
          X% (m1rn-7 ),e(9ntTO] 
Electronic configurations which are taken into account in 
the perturbation calculation are summarized in Fig . 5 with 
illustrations. Each (1 component of the functions 11 will 
have matrix elements with the same 11, component of the wave 
* The singlet molecule 'R may be an ion whose spin 
is singlet. 
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functions for the configurations in Fig. 5. Then the 
 stabilization energy* is obtained as follows, according to 
 the mutual relation of energy levels: 
     (a) If  Yoa,  iv is positive and the most positive of all 
, then 
=  + CC)."YO2,,/V=y~ 7(g) (12) 
This is the case for most electrophilic reagents (cations) 
serving as . 
     (b) If 'a,., is positive and the most positive of all 
    , then 
    tlE=Yho.o,+(c'°)2k~oko)1r 2)(13) 
Bost nucleophilic reagents (anions) as 'B are in cluded in 
this subcase. 
(c) If )";2,1v = Ytio,,r  and they are positive (then of 
course the most positive) , then, putting them equal to Y , 
QF _ Ip r I ("Y°)a(rY~:Crl/y(6440))r'/)(34) 
             Yo. 
Such a conjugated molecule as has it
s lowest excitation 
energy smaller than the excitation en
ergy to the triplet of 
* Each Ns component gi
ves the same stabilization energy
, and the mean is, therefore, the same. 
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the molecule A  would be classified in this subcase. 
     (d) If all Ys are negative, then 
             qU.Lee/                                          2(0/J.2.    E=[rev—'S'(2-allvi,),-------------------(CYL))r(-A) (15) 
In this subcase the stabilization energy begins in the 
second order terms, predicting a slow rate in the process 
of reaction. 
     (e) If Y2,:v =0 and the others are negative, then 
                                      unocca.lt     = C1(cro,)(d,,v)Ir+fi! 
            occ all ` ! E (z v,)J, (Cr.` AdL )Zr2 (_g)(16) 
where the mark 1 on the summation tells to omit the set 
(.1=1v, =02). 
(f) If '60.01 = 0 and others are negative, then, 
similarly 
                                 urtocca[l 
       
I (Cr°`)(ds4')l Y+27iv` 
J e 
—7. U(2—v~))'  (Cr`)(2s1'; 
 indicating1(17) = indicating the neglect of the set (j =a, = 01). 
     (g) If Yz,iv = ~luoi =0 and others are negative, we 
obtain 
4E_ •^(Gy'2)2(dS1V)2 (Cr')'(d,")ay- v —t(2—L)J 
           f )y2i t j i i(—) 
----------------------- 21;4(18) 
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neglecting in the  summation the sets (J = ho , U = 01) and 
(j = 1v , t = 02) In the latter three subcases the stabili- 
zation is of the first order, and for the lowest excited 
molecule the frontier electron density controls a main part 
of the reactivity indexes. The subcase g includes reactions 
of an excited molecule with an unexcited molecule of the 
same kind. 
     The photodimerization of aromatic hydrocarbons has been 
 considered to pass through the following mechanism: 
      4-*/*xAA 
  {ss(19)            hb\A~CS#eft~             ~) 
 Though the detail of the intermediate (AA*) is not clear, 
assuming the present type of complex for the transition 
 state of step b, one can discuss the reactivity of this 
 reaction as belonging to the subcase g. In Table II cal-
 culated values of the It stabilization energy are collected. 
 In that table, reagents are assumed to make two weak bondings 
through two meso positions, as illustrated in Fig. 6; the 
 assumption of one bonding would only need to divide the 
 values by the factor 2. Anthracene is well known to make a 
?'_otodimer at 9 and 10 positions, in accord with our cal-
  culation. Also in other polyacenes the most central meso- 
 position have the largest stabilization energy. This result 
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 is compatible with the  experimenta3). Bowen and Marshl4) 
 studied the photodimerization of acenaphthylene, finding 
 that the structure of the photodimer was 
Q—CH— CPI --~            —CH-0
This finding was first theoretically discussed by Crawford 
and Coulson8). They calculated the free valence of this 
molecule in its lowest excited state and found that the 
values of positions 5 and 6 (0.62) are greater than those 
of positions 1 and 2 (0.57), which conflicted with the 
above experimental results. Thus they stated that the free 
valence is not a sufficient guide to reactivity . Recently 
this experiment has been interpreted successfully by 
Pukui et al, in terms of the frontier electron density 
for a radical reactionl5) . The frontier electron density 
of positions 1 and 2 is greater than that of positions 5 and 
6. In that paper the excited acenaphthylene was regarded 
as an ordinary radical reagent attacking an acenaphthylene 
molecule in the ground state. At this time it would be 
interesting to apply the present theory which involves an 
explicit consideration of the excitation . This belons to 
the subcase g. As is seen in Table II the stabili zation 
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energy of the reaction through pairs of positions 1-1 and 
2-2 is greater than that through 5-5 and 6-6, in accordance 
with the experiment. 
    In intermolecular comparison it is said that the ease 
of photodimerization is greater in pentacene than in 
 anthracene13)_  But this is not a direct comparison of the 
rate constant k6 of the step b but a rough estimation from 
the amount of dimers produced. The total rate of dimer 
formation would be affected not only by the rate constant 
kb but also by various competitive reactions such as the 
collisional or spontaneous degradation of the excited A 
molecule, dissociation of (AA*), and so forth. To measure 
and compare the rate constant with calculated stabilization 
energy would be interesting. 
    §4. Some Other Kinds of Reaction 
    Reaction of an Excited Singlet Molecule with an 
Unexcited Radical.--The reaction of an excited singlet 
molecule ('A ) with an unexcited radical (2B ) can be 
discussed in a way similar to that of a triplet molecule 
( 3A) mentioned in the preceding reaction.. The doublet wave 
function for Ms = 1/2 of the combined system is , in place 
of Eq. 2 in the triplet case
, 
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 ro  — I-- c6.0 ( b—  'n *z 
x { (c1/8-,B~()~[/,^2-](20 ) 
Also, we are led to the same equations as Eqs. 3, 4 and 5, 
excepting that the numerical coefficient in the second term 
should be read (1/2) in this case, instead of (3/2). The 
meanings of the frontier electron density and the direction 
of charge transfer in each subcase are entirely the same as 
in section 2 and therefore discussions may be omitted 
for brevity. 
     Reaction of an Excited Singlet Molecule with an Un-
excited Molecule.--The method and the results of the treat-
ment for this kind of reaction is exactly the same as that 
in. section 3 if only the wave function, 'Eq. 11, is re-
placed by the following equation: 
/Y)0 =AL•--(7'a/~~+x~(Y'o:rn nfd(,ntn-33 
x (m+7/,) —/4 (on 72,— t)d(m+-1z)}/f ](21)
Eqs. 12 to 19 are also valid in this case. 
    Reaction of an Excited Molecule with Another Excited 
Molecule.--We derived also the equations giving the stabili-
zation energy in a reaction of an excited mo1„Qcule (singlet 
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 21)
or triplet) with another excited molecule (singlet or triplet) 
in a similar way. But as they are less meaningful for 
practical purposes and rather intricate, we do not give their 
explicit forms. It would be noteworthy that in this case 
also the frontier electron densities decide the intramolecu-
lar orientation. 
65. Discussion 
     We have derived formulas giving the Tc stabilization 
energy and the reactivity index, discussing the rate of re-
actions of excited molecules. But we do not, at all, 
regard this theory as complete but merely as a simple 
pioneering attempt in the molecular orbital method; the 
assumptions included may have to be subjected to some im-
provements in future. For discussing the difference in rate 
constant caused by the difference in multiplicity of states, 
interactions of electrons should be explicitly taken into 
account._ For discussing various dissociation reactions, 
attention would have to be paid to a electrons in the 
bond to be broken. Furthermore, in order to understand al]  
the figures of reactions of an excited molecule, discussions 
on relations between various elementary steps involved in 
the reaction would be expected. 
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Fig. 1. Numbering of molecular orbitals.
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Fig. 3. Mutual relation of molecular levels.
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Table  I. Rate Constant and Ti. Stabilization Energy of Polymerization of Styrene 
Reactiona)Rate constantb)iC Stabilization energy 
k(1. mol-' sec'"` )(in units of --,Q)* 
R- t 3A -. -RA- -10''0.414 + 0.801 r (position 9 ) 
                                            0.414 + 0.400) (position 1) 
0.414 + 0.20013(position 2) 
R- + A-P. RA. 3.4 x 1020.9261 
       R. + !i --, R. 1.2 x 10'0.932Y2 
RA•tM --^ R.0.80.73912 
    a) Abbreviation, R-: polymer adical of styrene; 3A : triplet anthracene; 
       A : anthracene; M : styrene. 
    b) Taken from Ref. 10. 
Table II. it Stabilization Energy in Photodimerization of Polyacenes and Acenaphthylene 
    CompoundPairs of positions7t Stabilization energy 
                   to react with(in units of -,Q )
Anthracene9-9, 10-10 (central)0.5471 
             1-1, 4-4 (end)0.2731 
 Naphthacene5-5, 12-12(central)0.4171 
1-1, 4-4 (end)0.1591 
 Pentacene6-6, 13-13(central)0.4001 
5-5, 14-140.2991 
1-1, 4-4 (end)0.1001 
 Acenaphthylene 1-1, 2-2a.5681 
          5-5, 6-6. 0.3751
                     Chapter 7 
     On Cross Termination in Radical Polymerization 
 &l. Introduction 
     It is well known that at the termination process in 
the copolymerization of vinyl compounds the I' value in most 
cases is larger than unity, that is to say, radicals of 
different kinds are easier to react with each other than 
those of the same kind. 
     In the copolymerization of two vinyl monomers, say, A 
and B, the termination process consists of the following 
three kinds of reaction: 
     -~- A.+. ,q,„,..K~..,"•.. A_ A V or disproportionation (1) 
      g. +S.k...,g—or disproportionation (2) 
    -~-A+.6k~.~,A—g—or disproportionation (3) 
and the 0 value is defined as follows: 
m 'cne k
aa kaa(4) 
As is seen in the second column of Table I , in the first 
three systems of Table II Km is larger than kw and k b 
and in the styrene —p methoxystyrene system the order is 
kaa > km3 >Ic9. 
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   Molecular orbital theories of chemical reaction, which  hav 
successfully elucidated the problems of vinyl polymerization, 
1-3) have not yet been applied to this point . The localiza-
tion method, for instance, can explain neither the order 
of rate constant nor the 0 value, the total localization 
energies of the three kinds of reaction being given as 
follows: 
            L (reactionl) = LA 4-LA 
L (reaction 2) =LB +LB(5) 
           L (reaction 3) = LA+ Ls
The order indicated in this method is as an inevitable 
consequenceKAA > kqg > kae orkm <KAB< K ae 9 
furthermore, the difference AL as given by: 
AL = L (reaction 3) — [ L (reaction 1) 
      + L (reaction 2)] /2(6) 
is always zero, this meaning that 0 is unity, which con— 
flicts with the experience. In Eqs. 5., LA and LB mean 
the localization energies of d —carbon of polymer radicals . 
The situation is the same for free valence. 
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 S2. Calculation of it Conjugation Energy and Results 
         and Discussion. 
     The present authors have tried an approach to this 
problem in terms of it -conjugation energy and qualitatively 
interpreted the ease of cross termination. That is to say, 
assuming as was done in their previous papery) that at the 
transition state of recombination reaction* a weak n con-
jugation takes place between vinyl -carbons of the polymer 
radical endt as is shown in Fig. 1, and that the stabiliza-
tion energy due to this conjugation determines the rate con-
stant, we calculated the i- -conjugation energy E both by the 
perturbation method and by solving the secular determinant. 
Values of E are collected in Table I, and in Table .1_I arce 
listed experimental 0 values and the corresponding differences 
4E of the conjugation energy:
//y 4E =~A8 —EAA +EaB) j /2(f) 
In Tables I and II-y denotes for the exchange integral between 
cc-carbons  in units of , , where /9 is the standard resonance 
integral. 
    * In the present treatment the contribution of dispro-
portionation is neglected. Discrepancies of conjugation 
energy with the rate constant in Table I may partly be 
attributed to this. 
    t The hybridization of the carbon atoms of the radical 
ends would vary from sp2 to Spa as the reaction proceeds. 
In the transition state it would be reasonable to assume an 
sp' hybridization since the two end carbons are separated 
farther than in the products. 
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         On inspection of the third column of Table I, one can 
    rationally explain the order of rate constants  KAs  > Km, 
km in the first three systems: for example, the 
kstyrene-a-ethyt acYyla-te value corresponds to a large term 
    of zero order, whereas the small {styrene — styrexe and 
k,~ethy~ acrylate - ftethyt ac y/,a.te values correspond to smaller 
    terms of first order. In the styrene-p-methoxystyrene system, 
    on the contrary, the extreme small value (0.068) of the first 
    order term of FAB would be surpassed by the terms of the
    first order of EAA and ERR . In the secular determinant 
    method a smaller conjugation (7= 0.3) also gives a prac-
    tically good result, while the larger conjugation (1-= 1) 
    does not, as is seen in Table I. This seems to indicate 
    that the ease is determined at an earlier stage of n 
conjugation. 
        In Table II differences of r-conjugation e ergy [cf. 
Eq. 7' I elucidate satisfactorily the 0 values of the four 
    systems, their relationship being nearly linear; here also , 
    the smaller conjugation is preferred. 
        Parameters used in the calculation are for the nitrile 
    group, odN = of +,8, ,9cN = ,c9 ; for the carbonyl group, 
do _ o~ + 2,g, ico = ~9, oC c= oc + 0.2,8; for the methoxy 
    group oocHe = o& + 0.5/ , /sots, = 0.55/8 04C = d + 0.05, ; 
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 and  otc'  = at — 0.2,8 , where C' is the carbon attached to 
the methyl group. 
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                    Chapter  S 
    Electronic Structures and  Antioxidizing Activities 
s1. Introduction 
Autooxidation of several organic substances --- for 
instance, petroleum hydrocarbons, rubber and oil --- has 
long been studied by many authors and has been well known as 
it proceeds through a radical chain reaction mechanism. 
Antioxidants such as phenols and substituted anilines work 
as chain-breaking inhibitors of peroxy radical: 
ROZ + IH ROO H + I •(1) 
and the radical I' from the inhibitor is less reactive and 
can hardly initiate a new chain reaction, as was first pre-
sented by Bolland et all). 
    From the theoretical point of view Fueno et a1.2) stu-
died in the simple LCAO MO approximation of 71 electronic 
systems the relation between the highest occupied electronic 
levels and the oxidation potentials of various hydroxy deri-
vatives of aromatic hydrocarbons and also the relation between 
the highest occupied levels or the stabilization ener
gies of 
the transition complexes and the antioxidizing effi ciencies. 
    In the present chapter antioxidizing activities of 
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phenols will be discussed in the connection of their  6 ele-
ctronic structures as well as of their  7r electronic structures, 
     §2. 7/ Electronic Structures and Antioxidizing 
           Activities of Substituted Phenols 
    According to Boozer and Hammond et a1.3-5) the over-
all inhibition reaction, Eq_.1, does not necessarily mean that 
the rate-determining step of inhibition is the hydrogen 
abstraction reaction, for N-methylaniline-N-d and diphenyl- 
amine-N-d showed the same efficiency as the undeuterated 
compounds. They proposed the following mechanism:
R02- IH ------------> [ RO; - I ] (rate-determfning) 
RO; +[R02.,- IH ] reactive products 
[ROZ IH ] is a molecular complex between the inh 
the radical and the first comlex-formation step is 
determining. On the nature or structure of the cc 
decisive fact seems to have been revealed. 
    In this section 7G molecular orbital calculat 
be given and some discussions on the complex will 
Parameters of the Coulomb and the resonance integr 
in this section are as follow: o(o = 0( -1- 0.513 , 
po-c, = 0.57/3, O(C' = o(+ 0.05/36)* o(cy3 o(+ 
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(2)
hibitor and 
is  rate— 
omplex no
calculation will 




 gc=CH3 = 0.7~ , 0(C"= c<- 0.1(3 and 
oec (adj.-to t-butyl)=oC- 0.2,G, 
Tert-butyl group is taken as a purely inductive group, while 
methyl group is partly inductive and partly hyperconjugative 
one, hy-perconjugation being treated by well-known one-atom 
model.7) 
     The Highest Occupied 7C Level. ----- It has been often 
recognized that no matter what is the structure of a molecular 
complex the ionization potential of the electron donor and 
the electron affinity of the acceptor decide the ease of com- 
plex formation"-10). Some comparisonsll) of the oxidation 
potentials and the antioxidizing efficiencies (induction 
periods) supported the possibility. In the molecular orbital 
sense the ionization potential is the absolute value of the 
energy of the highest occupied 7E orbital. We compared the 
calculated energies of the highest occupied 7U levels with 
the antioxidizing relative molecular potencies of 2,4,,6-
substituted phenols measured by Rossenwald et a1.12), as is 
shoun in the third and the fourth columns of Table I. In 
the table methyl and/or tert-butyl substituted phenols are 
divided into three classes----one consisting of 2
,6-di-tert-
butyl phenols, another of 2-tert-butyl phenols and the other 
consisting of phenols with no tert-butyl group at 2 and 6 
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positions. The parallelism between the potency and the 
energy of the highest occupied  Tc level is observed within 
each class of compounds, suggesting that the smaller ioniza-
tion potential will result in an easier formation of the com-
plex and therefore result in a larger potency. Fueno et al-2) 
also compared the highest occupied levels and anti-oxidizing 
efficiencies of some hydroxy derivatives of aromatic hydro-
carbons, but they interpreted a similar parallelism in a 
little different sense. Assuming the efficiency is entirely 
controlled by the dissociation reaction ROH -- R0 • + H- and 
dividing the heat of dissociation into constant o electro-
nic contribution and variable it electronic cjtribution 
d I/,~ (R0-H), they derived that in a simple approximation 
o H T (RO-H) is nothing but the energy of the highest occupied 
level. In this connection a discussion is to be given in the 
next section on the 0`" electronic structure and the antioxi-
dizing efficiency. Pederson's ionic mode113) also seems to 
be certified by this parallelism , 
ROz+ IH ROZ+IH(3) 
but complete one electron transfer would be more difficult 
than partial electron transfer which is accomplished in the 
molecular complex. 
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     Delocalization Energy of the Complex.  ----- A more 
concrete model of the complex, proposed by Russel14,15) and 
Walling et a1.16), assumes that the peroxy radical will pro-
bably approach the inhibitor from the direction perpendicular 
to the aromatic ring to interact with 7r electrons on it. 
If it is true, the delocalization calculation of molecular 
com,,lexes9,10) will be appropriate. Assuming that the radical 
stars on the axis which stands from the center of the benzene 
ring and perpendicular to the ring and that it interacts with 
six 7c atomic orbitals on it to the same extent (assumed 
aocel of the complex is shown in Fig. 1), we obtain the 
following stabilization energy of this model by the per-
turbation treatment, LIE,: 
                           PLOunoc(Cit )2
aE,=(6-z) rfi(4) 
       GL                 AL 
where VV is the resonance integral between the half-occupied 
orbital of peroxide and a 71-- AO on the ring, and > should 
r cover all AO's on the benzene ring of the compound
. Result 
shown in the fifth column of Table I seems to allow this 
possibility, too. Charge transfers from the inhibitor to 
peroxy radical in this model. 
    Another model of the complex would be such one a
s 
illustrated in Fig . 2, in which peroxy radical approaches 
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 oxygen atom of phenol so as to interact with plc orbital on 
it. If peroxy radical is assumed to have one atomic orbital 
and one electron available to the conjugation with the in-
hibitor, stabilization energy of the interaction by the 
second order perturbation treatment is nothing but the super-
delocalizability of the oxygen for radical reaction, So°°*,17) 
          0±48000(C0)2 s
n«> _~ -)(5) 
Settling this model Fueno et a1.2) found a good linear re-
lationship between logarithm of relative antioxidizing effi-
ciencies by Bolland et al.l) and superdelocalizability as for 
several unusbstituted phenols.** 
    We calculated the superdelocalizability, So() , for this 
series of compunds, obtaining good parallelism with the 
potency in each class, as shown in the sixth column of Table I. 
Thus the model in Fig. 2 may be one of the possible struc-
tures of the complex in Eq. 2. 
'* As the interacting orbital i s not the pseudo-Ye orbital 
but the half-occupied orbital of peroxy radical, the quantity 
should be rather named delocalizability instead of super-
delocalizability. 
    ** In the formula of the transferred charge of Fueno's paper 
a part of the fourth order terms are mixed with the following 
second order term:18) 
(second order)                                         _°CC.;o)2o
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    Some inhibitor radicals produced by the reaction,  Eq.l 
or 2, may sometimes initiate a new chain reaction as follows: 
19,20) 
I.+RH --- IH+R-(6) 
or 
10; + RHIgo H + R-(7) 
Ingold21) has recently proposed to classify the inhibitors 
into two groups : one is "strong" inhibitor which reacts 
very rapidly with peroxy radical to break the chain reaction 
and the other is "efficient" inhibitor whose phenoxy racl "l 
produced by the reaction Eq. 1 or 2 is stable enough not' d* 
initiate any new chain reaction. Steric hindered inhibitors 
are "efficient" inhibitors, for their phenoxy radical is pro-
tected from reactions to follow. 
    It would be interesting here to discuss on the differ-
ence of potency among classes. In Fig. 3 are plotted cal-
culated indexes against logarithm of potency . In regard to 
each indexes plots of class A and of class B fall on one line
, 
while those of class C on another line . Compounds of classes 
A and B are both restricted with bulky tert: -butyl group. The 
same linearity of these two classes seems to suggest that the 
restriction would be enough by one tert -butyl substitution . 
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Juding from the models, the indexes calculated seem to  re-
present only the "strenth" of inhibitors and, therefore, the 
difference, which is estimated from Figs. 3 to be of the order 
of log P = 0.4, should probably attributed to the difference 
of the "efficiency". 
     Total 71%- Electron Density on Oxygen Atom ---- Total x 
electron density on oxygen atom, o , is also calculated and 
given in the last column of Table I and in Fig. 3c, and here 
also is got a good pararellism with the antioxidizing potency. 
As in a radical reaction such as the attack of peroxy radical 
the total TC electron density is no longer the reactivity 
index, this parallelism would have to be interpreted that the 
electron density may affect or may be affected by some other 
quantities. In the next section the total 7C electron density 
will be taken as it affects 0-electronic structures of the 
0-H bond. 
     §3. 0-Electronic Structures and Antioxidizing 
           Activities of Phenols 
     In this section at first 6" molecular orbital calculation 
on phenol would be presented and then antioxidizing activities 
would be discussed in connection with the 0^ electronic 
structures. 
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    LCAO MO  calculation of 6' electronic structures of con- 
v-ated molecules has been carried out on hydrocarbons,22) 
halides23) and aldehydes24) and parameters of the Coulomb and 
the resonance integrals of hydrogen and carbon atoms were 
decided already22)-Parameters for phenolic oxygen are decided 
as follows: the Coulomb integral of oxygen is settled to be 
do- + 0.3
16.0._ in accord with that of aldehyde oxygen, 
/30-0 (one center) = 0.29/30- from the 6" MO treatment of 
alcohols and peroxides25), G D = 0.6/30- in accord with the 
small overlap integral S(Cs4,2 -0p, 1.43A ) = 0.37 in comparison 
with S(Csp2-05 2, 1.34A) = 0.77 and IQ 0.1 = 0.719c 
also with reference to S(0p- Hs,0.96A ) = 0.35. To make the 
result more reliable a calculation with another parameter 
i3 0H = 1.1 leg-- is also made. 
    In Fig. 4 is given the calculated total 6 electron den 
sity of phenol where we can see clear inductive effect of 
oxygen atom. Small 6"" electron density, and therefore large 
net plus charge on phenolic hydrogen seems to correspond its 
strong acidity. In Table II are gathered reactivity indexes, 
delocalizabilities, DN`">, L)14() and Dr-!(k9 , for nucleo-
philic, electrophilic and radical abstractions of phenolic 
and pare hydrogens, corresponding to the model in Fig . 5. 
Definition of Dpi is as follows:29) 
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 at/(Cr 1-0'~~ 
Dti =:(v~— K)(8) M 
where iJL is the number of electrons, on the i th O N) and 
k is 0,1,2 according to electrophilic,radical, nucleophilic 
ractions, respectively, and the energy of the reagent X is 
assumed to be equal to 04r . In order to agree with ex-
periments that phenolic hydrogen is more labile than p-hydrogen 
for rad.icalabstraction reactions, if one assumes that the 
change of the reactivity index will be proportional to the 
square of,oH as in Fig. 6, (/ oc )2 must be smaller than 
0.9(,3 -)2 . Our choice dH = 0.7/,3T would be supported by 
this result. 
     Now we are going to discuss relations between o- electro-
nic structures and antioxidizing activities. Experimentally 
no or small, if any, isotope effects on activities have been 
observed between substituted phenols and their O-deuterated 
species21) more than between aromatic amines and their N-
deuterated Jeri vatives3-5) . It was by this fact that the 
molecular complex formation has been considered as rate-deter-
mining. But there are also some works which reported isotope 
of _ects26,27). Furthermore if the earlier stage of hydrogen 
abstraction reaction is the transition state of antioxidation, 
there would naturally be little isotope effects . It would 
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be worth while to study the possibility of such a mechanism. 
The  delocalizability, whose model (Fig. 5) is composed of a 
molecule and a reagent weakly interacting to each other and 
which is derived as a perturbation to a free molecule, would 
be capable of the measure of this mechanism. 
    For an attack of peroxy radical a quantity named DH (R) 
(0.3) would be more appropriate than DI-1(R) 
occ u-nocc CGH )2 
This index is derived by the model in Fig. 5 if the Coulomb 
integral of the orbital X is not equal to o(o- (in the case 
of 2),./(R) ) but to o(0- + 0.3/30-, the Coulomb integral of 
oxygen atom. As it is shownin Table III, high reactivity 
of phenolic oxygen is pointed out also by 1)4'R)  (0.3). 
Though ring hydrogens have mutually almost the same reactivi-
ties, the order of positions seems to show a slight differe-
nce according to the reactivities, WR) or Dad' (o.3). 
    The parallelism of total 7G electron density on oxygen 
with the antioxidizin activity , which we showed in the pre-
vious section, tight be interpreted 
as follows: total 7t 
electron density on oxygen atom incr
eased by methyl and 
tent-butyl substitutions will n
ecessarily decrease the 
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electronegativity of the oxygen and make the Coulomb integral 
of the  O orbitals on oxygen more positive. The change of 
the Coulomb integral causes changes of the 6—,electronic 
structures of phenol, especially at the 0—H bond. Putting 
tentatively the Coulomb integral of oxygen C orbital equal 
to do- + 0.25/3 , instead of its normal value Co-+ 0.3/3a- , 
we obtained the values of the indexes, DH(R) end DH(R) 
(0.3) sh• n in Table III. As one can clearly see in the table, 
for.,'unary radical attack, in which DH (R) would be the 
index: I e reactivity of phenolic hydrogen would be hardly 
influenced by the change of total 7t electron density of 
oxygen, while for an electronegative radical (such as peroxy 
radical)-attack, in which DH(R)  (0.3) would be the index, 
the reactivity is much elevated by increased 7r electron 
density on oxygen. 
    In order to see the order of reactivity change the 
difference of calculated total 71-electron density in Table 
I should be translated into the difference of DH(R) (0.3). 
The change of the Coulomb integral oo( caused by the change 
of the electron density Lag, on the atom is often estimated 
by the equation: 
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 d d =(10) 
where w is a proportionality constant and would have a value 
raging from  0.27(3.0.--'2/3, .* Difference of the total 7r ele-
ctron density between the largest and the smallest (phenol) 
ones in Table I, 0.02, would cause the change of the Coulomb 
integral oo(= 0.004p0. --0.0440.. The change of DH"?) (0.3) 
would be proportional to the change of the Coulomb integral, 
the difference of DH(g) (0.3), 0.1037, for ooCo = 0.05f 
(in Table III) would result a DH (") (0.3) = 0.0083-0.0830 
between the most reactive and the least reactive compounds. 
These magnitude of the difference seem to be almost enough to 
explain practical difference of antioxidi zin7_ activity.
    * w is the difference of the Coulomb integral between 
the two states one of which has one more electron than the 
other. The difference which is interpreted as that between 
the ionization - Dotential and the electron affinity of oxygen 
in its valence state would be about 43 eV.25) As the unit 
    is estimated to be ca. -7 eV,23)w would be ca. 2/o- . 
On the other hand (A} value which is often used in 7t electro-
nic calculationiO.5/~7r ^-2/~Tcend referring to the ratio 
fi7b//30"113,23 w = 0.2A6--~ 0.7/d0- seems tobe rational.
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 §4. Discussion 
     In Sections 2 and 3 we tested several models and their 
molecular orbital indexes of the rate-determing step of anti- 
oxidization by substituted phenols. Some molecular complex 
models were found to be rational, though the problem as to which 
of the is actually true mechanism of the chain breaking in-
hibition of autooxidation cannot be settled yet. Another 
possibility that the earlier stage of hydrogen abstraction 
reaction may be the rate-determining step does not seem to 
be abandoned. 
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Table I. Antioxidizin Potency and 7r Molecular Orbital Indexes of 2,4,6-Substituted 
          Phenols 
     Substituentsa) Relative Energy of Stabilization Stabilization Total n 
Class at Position Molecular the HighestEnergy of the Energy in the Electron Density 
                   Potency(P) Occupied Levelb) Model in Fig.l Model in Fig.2 on Oxygen 
  2 4 6X4o4E,c)so(R) a) 1-0 
A 1tBu Me tBu 76.00.3432.2571.9155 
lltBu tBu tBu 39.5.3512.2341.9145 
(tBu Me Me 100.0.337 3.3842.2811.9162 
tBu tBu Me 42.5.344 3.3782.2581.9151 
B , tBu Me H 37.5.357 3.2702.1901.9094 
   tBu tBu H 33.0.365 3.2622.1681.9083 
,tBu H H 10.5.383 3.2352.1091.9018 
   Me Me Me 57.0.331-_2.30519169 
   Me Me H 20.5.350--2.2091.9100 
   Me tBu Me 18.5.338--2.2821.9159 
C Me H Me 15.0.3552.2151.9095 
   Me tBu H 14.5.358--2.1901.9089 
  H Me H 4.0.372--2.1251.9039 
  H tBu H 3.5.3U0--2.1061.9027 
  Me H H 3.0.375---2.1301.9024 
H HH 1.5.398--2.0491.8960 
a) Me and tBu stand for methyl and tort-butyl groups, respectively. 
b) Aio is the coefficient of the energy of the highest occupied level: 
E,o =d t 1gp,8 
c) In unit of yZ4 
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        PART II 
    THEORETICAL STUDIES 
ON  PHYSICOCHEMICAL PROPERTIES

                   Chapter 1 
                     Introduction 
    Quantum chemistry has offered the theoretical ground on 
several spectroscopic and other measurements of physicochemi-
cal properties of atoms and molecules. The present part 
of this thesis contains theoretical works on some physico-
chemical properties of organic compounds, such as dipole 
moment, coupling constant in pure quadrupole resonance (PQR), 
 half-wave reduction potential, ultra-violet absorption spectrum 
coupling constant in electron spin resonance (ESR) spectrum 
and so forth. 
    Chapters 2, 3, 4 and 5 are concerned with 6 electronic 
structures of saturated or unsaturated compounds. In Chapter 
2 (in press in the Bulletin of the Chemical Society of Japan, 
66, No.1 (1963)) is presented a simple molecular orbital 
calculation of 0' electronic structures of conjugated halides 
such as halogenobenzenes and halogenoethylenes, and general 
trends of the result is compared with experiences and further-
more observed dipole moments and PQR coupling constants are 
interpreted in terms of electron distribution . In Chapter 3 
(in press in the Bulletin of the Chemical Society of Japan
, 
26, No.2 (1963)) the energy of the lowest unoccupied 
-143-
 0` electronic level of alkyl halides and conjugated halides 
are correlated to their half-wave reduction potential and the 
partial bond order of the level on carbon-halogen bonds to 
the reduction products, suggesting that in conjugated halides 
the lowest unoccupied to level might be near or even lower 
than the lowest unoccupied 2 level and that there would be 
a possibility of observing 2r --' d" * transition in a range of 
longer wave length. Chapter 4 (presented at the International 
Symposium on Molecular Structure and Spectroscopy, Tokyo, 
September 1962) includes a more strict calculation (an LCAO 
MO calculation with configuration interaction in which 36 
valence electrons are explicitly considered) of the transition 
energies corresponding to the lowest 7-* 0"^ and the lowest 
9C 2r* transitions. The result is in agreement with the 
suggestion of the preceding chapter. In Chapter 5 (unpublished) 
  set of parameters in the simple molecular orbital method 
by which both Cr and 7r-electronic structures of unsaturated 
hydrocarbons may be calculated uni icatively. 
    Chapter 6 (published in the Bulletin of the Chemical 
Society of Japan, 32, 853 (1959)) is a short note on electro-
nic spectra and ionization potential of anthracene . 
    Chapters 7, 8, 9 and 10 are theoretical studies on the
electron  spin resonance spectra of organic radicals. In 
Chapter 7 (published in the Bulletin of the Chemical Society 
of Japan, 35, 1646 (1962)) presents a new simple molecular 
orbital method for discussing the difference of or °' 
electronic structures between stereo-isomers, and the method 
is applied to the proton coupling constants in ESR spectra 
of cis- and trans-terephthalaldehyde anion. Chapter $ (in 
press in the Bulletin of the Chemical Society of Japan, 26 
(1963)) consists of a valence bond calculation of the proton 
coupling constants of deformed methylene group adjacent to 
an odd orbital. The result shows an angular dependency of 
the proton coupling constants thoroughly different from the 
current one. Application of the result is made to a radical 
in irradiated polyethylene. In Chapter 9 (presented at the 
symposium on ESR, Osaka, 1962) assingment of the observed 
ESR spectra of irradiated benzene, which is still unestablished 
experimentally, is performed by valence bond calculations on 
cyclohexadienyl radical and phenyl radical. Chapter 10 
(presented at the symposium on ESR, Osaka, 1962) is concerned 
with the simpler approximation in the valence bond calculation 
of spin distribution of hydrocarbon radicals and the result 
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 is used to estimate the coupling 
some imaginary radicals°
constant of some real and
-146-
                    Chapter 2 
 0" Electronic Structures and Some Physicochemical 
    Properties of Halogenated Conjugated Hydrocarbons 
§l. Introduction 
    Discussions on electronic structures of large organic 
compounds have been carried out with the molecular orbital 
and the valence bond methods, almost exclusively on it 
electronic states of conjugated molecules-----dealing with 
electronic spectra, chemical reactivities, 7L dipole moments 
and so on. In these discussions no regard has been paid to 
the behaviors of 0- electrons as are making an unchangeable 
framework for 7- electrons to move on. But some of the 
physicochemical properties--- 0-moments, coupling constants 
eqQ in PQR spectra, proton shifts in NMR spectra, etc.--
cannot be interpreted theoretically without explicit conside-
ration on the CT electronic structures. 
     In order to discuss the Q' electronic structures of 
conjugated compounds, the present authors have develped a 
simple molecular orbital method which had been successfully 
adopted in the computation of the electronic structure s of 
saturated hydrocarbons and their derivatives
,1,2,3) and have 
published some results of calculation on the Q' electrons of 
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aromatic and  olefinic hydrocarbons.4) In this chapter a 
numerical calculation is performed on the Or electronic 
structures of halogenated olefins and benzenes, and on this 
basis eqQ of halogens and dipole moments of these compounds 
are discussed. 
     It would be interesting to compare the calculated results 
on conjugated halides in this chapter to those on saturated 
halides in Refs. 2 and 3. 
02. Method of Calculation and Evaluation 
                       of Parameters 
     The method of the theoretical calculation of cr electro-
nic structures of conjugated systems was explained in detail 
in Ref. 4. In this chapter, therefore, it would be repeated 
only briefly. Molecular orbitals are linear combinations of 
all Cr atomic orbitals (LCAO) of all consisting atoms---sp2 
hybridized orbitals of carbons, is orbitals of hydrogens 
and Cr atomic orbitals of halogens. And electronic inter-
actions and overlap integrals are thoroughly neglected. 
Parameters of the Coulomb and the resonance integrals employed 
are given in Table I. Those for carbon atoms and for hydrogen 
atoms are the same as were given in Ref. 4. Coulomb integrals 
for halogen atoms are settled so as to fit Mulliken's electro-
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negativity scale  and to be consistent with the integrals in 
saturated compounds, and resonance integrals between carbon 
and hydrogen are proportionated to the overlap integrals of 
the bonds. 
    Effects of variation of parameters and those of neglecting 
overlap integrals would be discussed in following paragraphs. 
@3. Results of Calculation and Their General Properties 
    A few examples of the results of our calculation are 
shown in Tables II, III and IV and Figs. 1, 2, 3 and 4. On 
inspection of the tables and the figures general properties 
of these results for halogenated conjugated systems may be 
summarised as follows: 
    (1) As is seen in Tables I and II and Fig. 1, each 
orbital has a large distribution on certain two atomic 
orbitals which are constructing a bond. This tendency seems 
to reflect the localized nature of 0" electrons. 
     (2) The lowest unoccupied 0' orbital of halides lies 
much lower than that of mother hydrocarbons and it is loca-
lized on carbon-halogen bonds with negative and large (in 
magnitude) bond order- And the lowering of the level becomes 
more and more notable with increased number of halogen atoms. 
This result comes from the electronegativity of the halogen 
-l49-
atoms and the small overlap (the small absolute value of the 
resonance integral) between the carbon and the halogen. 
     (3)  Electronegativity of the halogen atomsmake them 
attract..a considerable amount of electron density to the 
carbon-halogen (C-X) bonds from other bonds near-by, so that 
the sum of 6' charge density on the bond (the C bond density) 
exceeds 2 and the net charge on the bond becomes negative. 
     (4) Owing to the polarity of a C-X bond, X being 
negative and C being positive, the similar but weakened pola-
rity is caused in adjacent C-C bonds and it is transmitted 
to farther bonds with rapid decrement. 
     Results (3) and (4) seem to correspond to the so-called 
inductive effect in organic chemistry. 
         §4. Effects of Parameters 
     In order to see effects of parameters on the results, 
some calculations on various compounds are carried out with 
varied parameters; a few example is shown in Table V and VI . 
For the sake of brevity, only summary of calculated results 
will be reported. Change in the Coulomb integral of chlorine 
atoms causes change in their CT electron density
, and the bond 
moment of the C-Cl bond is well explained with its value near 
0.3 as is adopted or less , though influence is little on 
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 1e: 
E:.
qualitative results of calculation. 
05. Effects of Overlap Integrals 
    In Cr electron systems whereneighboring atomic orbitals 
are mutually overlapping deep, the neglect of the overlap 
integrals might lead to an erroneous conclusion even in a 
qualitative sense. So some computations are performed with 
inclusion of overlap integrals between adjacent atoms, which 
are settled as follows: 
SOH=0.72 
SOO = 0.77 
        S 01= 0.46 
    Results with respect to ethylene, 1,2-dichloroethylene, 
tetrachloroethylene, benzene and p-dichlorobenzene, as shown 
in Table VIE and Figs. 5 and 6, indicate that energy levels 
with overlap included are almost completely parallel to those 
with overlap neglected and that occupied levels of the former 
come near to o(a- and unoccupied levels flee fror o(o- . 
As for the Cr electron density, from Fig. 6, those on similar 
atomic orbitals on similar bonds (for instance, carbons' AOts 
on C-Cl bond as are expressed by C
C1 in the figure) very 
parallel with each other, leading also to an unvaried qualita-
tive conclusion in both calculations . 
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 g6. Dipole Moments 
    Dipole moment of conjugated compounds is composed of o 
moment and 77; moment, With only moment have been concerned 
most of the theoretical works till now, and in those cases a-
moment would be empirically estimated on the basis of 
bond moments which are assumed to be constant in a series of 
compounds. In this paragraph Crmoment of each compound is 
evaluated by the use of 0" electron distribution given in the 
tables and the figures. In the evaluation all the bond angles 
are assumed to be 120°, and C-Cl bond length to be 1.701, 
C-H 1.08A, C-C(aromatic) 1.40 A and C-C(olefinic) 1.34 A, 
and the displacement of the center of the charge distribution 
is taken into account by 0.46 A in a sp2 hybridized orbital 
of carbon and by 0.44 in a 0- orbital (the s character of 
15' is tentatively assumed) of chlorine. 
    Obtained 0" moments are tabulated in Tables VIII and DC 
together with 7t moments calculated in the simple LCAO MO 
                                                          R
approximation with parameters of CQn = tt/ 8,B7Z• o..C'-altoi8,Bil 
and ,Bcce -0.4/37c where otn and ,Bn is the standard 
Coulomb and the standard resonance integrals in 7r electron 
systems and with calculated total moments in comparison with 
the observed dipole moments. 
     Generally speaking, calculated moments are larger than 
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observed ones, which would  be attributed to the choice of 
-parameters and also to neglecting 6 overlaps. But a 6" 
moment calculated does not seem to be a simple vector sum of 
bond moments. A part of the so—called ortho effects---devia— 
tion from the additivity of bond moments in ortho disubstituted 
compounds---would be understood on the basis of this result. 
But the extremely small moment of trichloroethylene cannot 
be explained, probably due to the roughness of the electronic 
repulsions between the neighboring polar groups. On these 
problems a few theoretical papers would be published in the 
near future.5) 
V. Coupling Constant of Halogen in Pure Quadropole 
         Resonance Spectra 
    In chlorides,bromides and iodides are observed the 
coupling constants, eqQ, of halogen nuclei in the pure nuclear 
quadrupole r sonance (PQR) spectroscopy. In conjugated 
chlorides it is connected to 0" electron density, crce , 
and electron density, c,ck , on the chlorine atom by 
the following equation: 
et_ Q 2ce + 2  _g.c),et,Qatop,(1)    l 2 
where eqQ atom is the coupling constant of an atomic chlorine 
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and is set to be 109.7 Mc. In Eq. 1 the orbital of chlorine 
is assumed to be a pure p  orbital_ If the s character of the 
orbital considered to be s %, eqQ is given by Eq. 2 instead 
of Eq. 1. 
            qS •  1-6?_r ~rcl22 IIUtloo(Z—~~)J-e0°,12(2) 
    By adopting the 7 and the o' electron densities cal-
culated in previous paragraphs to Eq. 1, the values of eqQ 
are obtained, as is shown in Tables X and XI; parallelism 
with experimental values seems to be enough. 
     Difference of the calculated coupling constants among 
chlorobenzenes is unexpectedly small. As the coupling 
constant of these compounds was experimentally determined 
from the resonance spectra in the solid state, a part of the 
discrepancy would be attributed to effects of crystal fields 
which in some other cases might change the constant by 0.8 
1 Ic.°) Another part, however, is probably due to the crudeness 
of our approximation in calculating molecular orbitals. On 
the approximation of this calculation some discussions have 
been made by the present authors.5)
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Fig. 3 Total 6 electron density of benzene and chlorobenzenes
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    Br 
I
I parameters of Coulomb and Resonance 
  of 0' AOts 
a,/ Resonance Integral : a-rs" 
      Cso2-CSP2(Qbonding)
01(on the same carbon) m 
-0.2 Csp2-R 
 0.7 C sp2-F 
 0.3 Cs132-C1 





  0.94 
  0.45 
  0.6 
  0.5 
  0.45
* Coulomb integral oC^ is expressed as follows 
c O( + arr/3 
  where DC and A are the standard Coulomb and the 
  standard resonance integrals in sp2 system. 
** Resonance integral ig
rs is expressed as follows 





 Table II Calculated 6 
Symmetry* Energy** 
,j 10 S-1.2765 
9.A-1.2143 
 •8 S-0.5173 
O 7 A-0.7296 
o 6 S--0.2205 
    5 S+0.6387 
g 4 A+0.6496 
    3 A+0.6543 
~2 S +1.0866 U 
8 1 S+1.4570 
  * Symmetry about the C - C 
** ,i is the coefficient is 
    molecular orbital energy. 
*** Nomenclature of A0's 
And (Cir)2 is liven in t;


















•g = o(i-X0 
HI 
he \try3 4        II/V table.
~3 
  .36551 
. 0 
  .04037 
    0 
.11787 
  .20443 
    0 
    0 
  .00037 
  .27145 
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.16999 
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.00668 
.20529 
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* Doubly degenerate orbital being localized on C-C1
   bonds. 
** Nomenclature of AO's:
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    Table V  Variation of Parameters (1) 
1,2-DichloroethYlene 
ace`Cgg- H 
  0.251.24880.8721 
  0.281.27330.8692 
  0.301.28930.8675 
Vinyl Chloride 
   ace 
  0.251.25220.87540,9028 
  0.281.27650.87300.9027 
  0.301.29290.87150.9025 
  0.321.30880.86990 .9024 
Table VI Variation of Parameters (2)Q ,ce. 
ad~~ ~ \    Q          ~~ ~aCt 
  0.60.38 1.2802 1.28001 .2754 
  0.6 0.12 1.2914 1.29101.2851 
  0.60.45 1.3010 1.30051.2935 










    * 
   **
VII Electron Distribution of Tetrachloroethylene 
    with Overlap Included 
     Electron Distribution(a)**Electron Distribution(b)'*1 
 Cli 02011 02 C3 C3C4Cli C2 C3 
 .10799 .03193 .01115 .11179 .17216 .12395 .02712 .19787 
.30954 .12796 .06250 0 0.37352 .12646 0 
.03909 .06772 .13586 .05683 -.08752 .07375 .16972 .01307 
.00814 .02505 .09111 .14205 .21875 .02066 .10363 .25143
     .93109 .50531 .60123 
Doubly degenerate orbital 
Electron  distribution on the atom 
calculated as C,;A C,s SAS . 
In this calculation distribution 
those on the atom A and on the B.
.62134



















Table IX Dipole 
       (In 
Substituent 
   Cl 
o--di-Cl
Dipole Moments of Chloroethylenes 
Unit of Debye) 
                          Calculated
0-Moment 7 Moment Total Moment 
  1.84 0.36 1.47 
  3.20 0.65 2.55 
  1.81 0.34 1.47 
  1.84 0.37 1.47 
l  Moments of Chlorobenzenes 
it of Debye) 
               Calculated 
- 
Moment TC Moment Total Moment 
  1.69 0.31 1.39 










Table X Chlorine Coupling Constants in  PQR of Chloroethylene, 
SubstituentCalculatedObserved 
            ~'c~ ~eg, Q 
   Cl1.955 1.298 75.1 67.211c                                            67.211c 
.70 .2(gas) 
1,2-di-C1 1.955 1.289 75.6 70.0(cis) 
                                        71.2(trans) 
1,1-di-C1 1.956 1.251 79.8 78.7(gas) 
tri-C1 ( 1.956 1.246 80.3 --
         1 1.954 1.254 76.0 
tetra-C11.955 1.237 81.3 77.2 




        g' 7 Bicee?Q evQ 
Cl_ 1.96200 1.28022 76.9T'Ic 69.2Mc 
 p-di-Cl 1.96188 1.28000 76.9 69.6 
o-di-C1 1.96166 1.27540 77.4 71.5 
hexa-C1 1.96126 1.26793 78.2 76.8 
    a) P. J. Bray, R. G. Barnes and R. Bersohn, J. Chem. 
Phys., 25, 813 (1956) 
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                    Chapter 3 
        Polarographic Reduction and  Electronic 
         Structures of Organic Halides
ssl. Introduction 
    In the last fifteen years polarographic reduction of a 
number of conjugated hydrocarbons has been extensively 
studied both experimentally and theoretically, and their pH-
independent reversible half-wave reduction potentials, E V2 , 
were found to be linearly related to the energy, i2v" , 
of their lowerst unoccupied IL orbital,1,2) the energy which 
would be needed in order to bring an electron to the orbital, 
as follows: 
-E'y2 =Alt/7r 7r +C(1) 
where A,ev't is the coefficient of the energy of the level 
~Qv~= oC7 +,\41/71'/S7-c and o(1c and /1c are the 
standard Coulomb and the standard resenance integrals of 7t 
orbitals. And from the inclination of the line was estimated 
the value of the resonance integral 4' to be -2 .23 eV, which 
seemed to be resonable in comparison with the value estimated 
from other physicochemical sources . The higher the energy of 
the level lies , that is, the smaller the value of /14v is, 
the less reducible the hydrocarbon is and
, therefore, the 
more negative the half-wave reduction potential is . 
- --175-
Similar linear relationship between the lowest unoccupied x 
levels and reduction potentials and similar value of the 
integral  /97e have been found for a variety of compounds 
such as substituted stilbenes, substituted nitrobenzenes, 
aromatic ketones and vinyl compounds 
     Furthermore, the structures of products of corresponding 
controlled potential electrolysis of hydrocarbons were 
discussed in terms of the 7L electron distribution of the 
hydrocarbon anions,2) in which an excess electron is accepted 
in the lowest unoccupied 7z levels and from which products 
will be yielded by protonation. Protons add to those positions 
which have a large electron density and a product results in 
which a double bond or more are reduced. For instance 
naphthalene is reduced to give 1,2-dihydronaphthalene and 
1,4-dihydronaphthalene. 
    On the other hand, it has been elucidated that haloge-
nated saturated hydrocarbons are polarographically reducible, 
showing half-wave potentials independent of pH and giving 
products in which carbon-halogen bonds are reduced to carbon-
hydrogen bonds.4) For instance, the half-wave reduction 
potential of methyl iodide is -1.63 V vs. S.C.E. (saturated 
calomel electrode) and it is converted into methane when 
reduction is performed at that voltage . Further it would be 
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interesting to notice that some of the halogenated  unsatura-
ted hydrocarbons are reduced at the potential less negative 
than the potential at which the mother hydrocarbons are 
reducible, and carbon-halogen bonds are reduced in these 
compounds as well as in saturated halides.4) 
     With respect to the problems of polarographic reduction 
of saturated compounds which have no 7D conjugated system, 
theoretical studies have never been carried out in relation 
to their electronic structure. 
    The present authors have established a simple molecular 
orbital method for calculating the y electronic structure 
of saturated hydrocarbons and their derivatives5'6) and 
have applied the method further to discussing the electronic 
structure of 0- skeleton in conjugated compounds.7' ) By 
the aid of the method one can calculate energy levels and 
charge distribution of 6 electrons . 
    In the present chapter, as to saturated halides at 
first, will be discussed relations between their half-wave 
reduction potentials and their lowest unoccupied Cr levels 
and the connection of distribution of the lowest unoccupied 
level to structures of reduction products
, and then, as for 
unsaturated halides , will be made similar discussions , and, 
at the end, a possibility that in polyhalogenated compounds 
                            -177-
 the,lowest unoccupied 6 level may creep below the lowest 
unoccupied 7c level will be suggested. 
@2. Method of Calculation 
     Electronic structures of 7C and 6 electron systems are 
calculated by using simple LCAO MO (linear-combination-of-
atomic-orbital molecular orbital) method with overlap integ-
rals and electronic interactions neglected. 
     In saturated compounds in which carbon atoms are 
spa-hybridized,molecular orbitals are written as linear 
combinations of all 6 atomic orbitals-hydrogen is orbitals, 
sp3-hybridized orbitals of carbons and 6• atomic orbitals 
of halogens. The energy EL of the i th molecular orbital 
is expressed 
= 0(sp3 -I- /023 Sp 3-Spa(2) 
where c(sio 3 and fise-sp3 mean the Coulomb integral of a 
sp3-hybridized orbital of carbon and the resonance integral 
between sp3 orbitals making a standard 0- bond. The larger 
value of A P; corresponds to the lower energy since the 
resonance integral is minus in sign . The Coulomb and the 
resonance integrals of each atom and bond 
adopted in the 
calculation are the same as was employed previously,5'6) which 
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would not be repeated for brevity. 
    The method can be extended to the calculation of 
electronic structures of conjugated compounds if, in this 
case, one regards the  7 electrons as making a field where 
0" electrons move. Then the energy of the ith o- molecular 
orbital, E °- , may be written as 
= o<spZ+ A isP73spa_Spz(3) 
where o(sp= and pspz_ st,2 are the standard Coulomb and the 
standard resonance integrals of sp2cr orbitals. And similarly 
the energy of the jth 7t molecular orbital calculated by 
the simple LCAO MO method is given as 
Ej.=a7c+A7C/37r.(4) 
    Calculating 6 electron densities could clearly explain 
experimental results of physicochemical properties----for 
instance, dipole moments, halogen coupling constants in PQR 
spectra, proton chemical shifts in NMR spectra----as was 
reported previously. 718) 
    A notable result of the calculation in hal
ogenated 
compounds is that substitution of hydr
ogens by halogens does 
not change the energy of 6 o
ccupied levels so seriously 
but gives rise to a remark
able change of the energy of 0` 
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unoccupied levels. Especially a considerable lowering of 
the lowest unoccupied  a- level occurs and the lowering 
becomes larger as the number of halogen atoms increases. 
§3. Polarographic Reduction and 0- Electronic 
         Structures of Haloalkanes 
     Haloalkanes belong to one of the few groups of com-
pounds which include no conjugated system and can neverthe-
less be reduced polarographically. As was pointed out in 
the previous section, halogen substitution causes a lowering 
of the lowest unoccupied O levels. 
     Imitating Eq. 1, we compared the first half-wave reduc-
tion potential of halomethanes with the energy of their 
lowest unoccupied 6 level, expecting the following relation: 
    -AevSPs /` sp3 -sp3 -7(5) 
As can be seen in Table I, a parallelism between them was 
obtained for each series of halomethanes . A similar relation 
is obtained also in haloethanes . Discrepancy which is 
observed in comparing bromo-aid iodomethanes will be probably 
due to an inappropriate choice of energy parameters for 
halogen atomic orbitals which have never strictly tested 
nor improved, and also due to the effect of neglecting 
-180-
overlap integrals. 
    Although the linear relation represented by Eq. 5 was 
not precisely adopted to the values in Table I, we roughly 
estimated the magnitude of  /3sp3  _5/D3 by means of Eq. 3 and 
were led to a value of ca. -5 eV. This value is very close 
to that of AT'-y3 obtained in the discussion on NMR 
chemical shifts of halides (-5.7 eV)11) and also on ioniza- 
tion potentials of halides (ca.--5eV).11) And,furthermore, 
this would be rather rational in comparison with the above 
cited value of /32 , -2.23 eV. 
    From these correspondences between EyPand /VA/ 
it would safely be said that the potential-determining step 
in the polarographic reduction of haloalkanes would be the 
electron transfer from the electrode to their lowest un-
occupied 6- level. And the fact that methane and other 
saturated hydrocarbons do not give a reduction wave would 
be clear because of the high energy of its lowest unoccupied 
6 level. 
     The electron distribution of the lowest unoccupied 
level much localizes on the carbon-halogen bonds and the 
bond order of the level on the bond is negative and large 
in absolute value, as is seen in the fourth and fifth columns 
in Table I and Fig. 1. These calculated results suggest 
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that in a state which has an electron in that level the 
carbon-halogen bonds are very easy to break  down. The anion, 
which might be produced at the first step of the polaro-
graphic reduction of halides, corresponds to this case. One 
may consider a second process in which a carbon-halogen bond 
of the anion breaks and the resultant anion, or radical, 
reacts with a proton, or with a proton and an electron, in 
the solution (75% dioxane-25% water was used as the solvent), 
as was suggested by Stackelberg and Stracke, to wit, 
/? - X + e- --------%<R-x)-
(R-x)- ------> R- t X-(6) 
+e_+H+--HRH 
or 
R - X+e- ------> (R-X 
(R- x )- P-+ 
R H+ ------ RH(7) 
X- + e-• -------> X-
Thus, one may clearly explain theoretically the result of 
controlled potential reduction that , for instance, methyl 
bromide was reduced to give methane and ethyl bromide gave 
ethane. This connection seems to support the conclusion 
derived above that the first reduction potential 
of saturated 
                                 -182-
halides corresponds to the electron transfer to the lowest 
unoccupied  LF level. It has not yet been decided in which 
one of the two mechanisms, Eqs. 6 and 7, the real break down 
of carbon-halogen bonds does occur. On the basis of the 
electron affinities of halogen and carbon atoms, the first 
mechanism, Eq. 6, seems to be more probable than the second 
one. If it is true, one who carries out the controlled 
potential electrolysis of halides in an aprotic solvent would 
be able to observe the ESR spectra of the radical. 
§4. Polarographic Reduction and 0" and 7C Electronic 
        Structures of Conjugated Halides 
    In this section relations between the half-wave reduction 
potential and the energy of the lowest O and the lowest 7L 
unoccupied levels are investigated. Experimental E~2 and 
calculated height of the lowest unoccupied levels , Aj, 
and Aiv'c , of chlorobenzenes and chloroethylenes
, as an 
er mple, are tabulated in Table II . 
    The height of the lowest unoccupied 7C level hardly 
varies in these series and seems to have no concern with 
their half-wave reduction potential Ey . Even if one 
applies, by force , Eq. 1 to their relation, one would be led 
to an irrational result that the absolute value of ,3 must 
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exceed 20 eV. On the other hand the height of the  lowest 
unoccupied 0" levels of these compounds is shown to be 
parallel to the half-wave potential, as well as in haloal- 
kanes: 
Ey2 = hIli/SP SP _spz +c"(8) 
and from the parallelism the magnitu-.e of /QSP=_ se2 is 
estimated to be -6.88 eV (in the case of chlorobenzenes), 
a value which seems to be appropriate in view of those of
,, i3,i 
and pSp3_ sp3 . 
     Furthermore, as to the reduction products, for instance, 
naphthalene from oC-bromonaphthalene and ethylene from 1,2-
diiodoethylene, an explanation similar to the case of halo-
alkanes would be possible based on the Jcalizing and anti-
bonding nature on the carbon-halogen bonls of the lowest re-
occupied 6- level, as is shown in Table II and Fig. 2. 
    Thus the polarographic reduction of conjugated halides 
would represent the electron transfer process form the cathode 
to the lowest unoccupied 0- , not 777 , level, in contrast 
with the case of other conjugated compounds in which an 
electron runs into the lowest unoccupied 3C level, satisfying 
Eq. 1. 
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 §5. Possible Inversion of Height of Energy 
       Levels and 7E--Cr* Transition 
    As the entropy change will not be very different between 
the both processes, the one in which the electron transfers to 
the Cr unoccupied level and the one to the /t- unoccupied 
level, it may be said that the lowest unoccupied ten level 
would be lower than the lowest unoccupied 773 level. This 
conclusion would be more certain as the number of halogen 
atoms in the molecule increases or as the halogen changes in 
the order F — C1--, Br 
    One may raise an objection that the lowest unoccupied 
Cr level into which an electron jumps may not the lowest 
level of all, for, if the selective adsorption of carbon-
halogen bonds might occur, an electron will have to run 
into the level localizing in the bonds. But the experimental 
result that of -bromonaphthalene is reduced at the voltage 
(-1.96 v) less negative than that at which naphthalene can 
first be reduced (-2.50 V) would reject the objection. 
    In Fig. 3 is shown the energy diagram of the lowest 
unoccupied levels which is mainly deduced from the linear 
relationship, Eqs. 1 and 8, between A 2v and E yz . The 
value of energies of the levels might include errors of the 
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order 0.1 to 0.2eV. The origin of the energy is arbitrary. 
One can see the inversion of the  7C and 6 lowest unoccupied 
levels. 
     There is a well-known fact that nucleophilic substitution 
of unsaturated halides exclusively takes place at the halogen 
atom, as follows: 
A r - X +Y-------> fir—Y+X(9) 
where y- is a nucleophilic reagent. It seems very inter-
esting to connect the fact with the inversion of energy 
levels. That is to say, for instance, when the reagent comes 
near the substrate, electrons on the substrate easily 
delocalize to the lowest unoccupied level, that is, the 
lowest unoccupied Q" level, which causes a weakening of 
carbon-halogen bonds, and the substitution occurs. There-
fore, the mechanism of nucleophilic substitution of unsatur-
ated halides might differ from that of ordinary substitution 
reactions of conjugated compounds in which 7c levels play a 
dominant role. 
    Andfurthermore the inversion of the lowest unoccupied 
levels in unsaturated halides would result in a weak and 
broad transition from the highest occupied 7G level (the 
highest occupied of all) to the lowest unoccupied 6-level 
—186—
(the lowest unoccupied of all), which  would be seen in the 
ran ,e of larger wave-lengths; and it may be named Ur* 
transition. Ann ---› 0- * transition was observed in saturated 
halides by Mul iken et a1,9) but the 7c transition in 
conjugated halides has not yet observed nor suggested. A 
more precise calculation by LCAO ASND CI method which confirms 
the conclusion will be published elsewhere 
06. Discussion 
    It would be worth while to notice that haloalkanes and 
alkylperoxides are the only saturated compounds that can be 
polarographically reduced. Alkylperoxide gives an alrnoot 
pH-independent wave at the much less negative potential; 
for instance, methyl hydroperoxice is reduced at -0.25V 
both in O.OlN HC1 and O.01N NaOH. The calculated lowest 
unoccupied Crlevel in alkylperoxides, as well as in halo- 
alk nes, is located very low. For instance,ll) 
    CH300H /\it/SP? = -0.0956* 
    C2HSO0H ARvsP3 = -0.0940 
(CH3)3000H 7\05P; = -0.0898 
The lowering of the lowest unoccupied 0- level in peroxides 
would have an intimate connection with their polarographic 
reduction, as one may expect from the discussion on saturated 
* Parameters used in the calculation will be published 
elsewhere.11 -187-
halides. 
 And the distribution of the lowest unoccupied level is 
very localizing on the oxygen-oxygen bond and the partial 
bond. order on the bond is negative and large in absolute 
value(Fig. 1) Thus after the electron transfer to the level 
the break down of the bond will follow. 
     Generally speaking, the lowering of the lowest unoccupied 
level is expected if a compound has one or more bonds whose 
resonance integrals are relatively small and at the same time 
one or both atoms constructing the bond are relatively electro-
negative. Peroxides and halides are typical examples of 
this kind. 
     Inversion of the lowest unoccupied o and the lowest 
unoccupied 7; level may occur in the case where lowering 
of the lowest unoccupied a- level is large as stated above 
and the lowest unoccupied 71,-, level remains rather high. 
An electronegative atom in the compound necessarily causes 
lowering of all levels, but when the atom has a lone pair to 
conjugate with neighboring atoms the lowest unoccupied 7E 
level stays relatively high. Conjugated halides discussed 
in the paper and some conjugated peroxides seem to be the 
unique examples where the inversion might be expected. 
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Table I First  Half  Wave Reduction Potential 
  Electron Distribution of the Lowest 
  Level of Halomethanes 




































































Sum of the 
Distribution 
of the Lowest 
Unoccupied 
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   0 
   0.78 
   0.82 
   0.89 
1.00 
   0.79 
   0.83 
   0.87 





 NW indicates 
wave.
that the compound gives no reduction
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                    Chapter 4 
       Electronic Spectra of Polyhalogenated 
         Conjugated Hydrocarbons
 §l. Introduction 
    In Part II Chapter 21) of this thesis the author has 
performed the simple LCAO MO calculation on o' electronic 
structures of conjugated halogenated hydrocarbons and found 
that substitution of hydrogen atoms in hydrocarbons by halogen 
atoms caused a remarkable lowering of the lowest unoccupied o-
level. In the last chapter2), from the discussion of the 
polarographic reduction of these compounds on the bases of 
the results in Chapter 2, a presumption that the lowest 0` 
unoccupied level might be near or even lower than the lowest 
r unoccupied level. This inversion of the order of the 
energy levels was the most probable in polyhalogenated 
compounds.' 
        In the experimental field absorption spectra of halogen— 
ated benzenes and ethylenes have been observed by many authors. 
In the former works such as by Lacher et a1.3) halogenated 
ethylenes---tetrachloroethylene , dichioroethylenes, vinyl 
chloride, dichlorodif luoroethylenes , trichlorofluoroethylene 
and so forth---showed a broad absorption which had no maximum 
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above 200  mu . Also in halogenobenzenes no maximum has been 
observed and the shoulder in the longer wave length region 
have been attributed to the singlet -r --A- triplet 71:* tran- 
sitione4) Recent studies on tetraiodoehtylene and tetra-
bromoethylene by Ito5) have revealed two bands in the UV 
region and n -" tr * and '1-, 7t* transitions have been 
suggested to be responsible to these bands. 
     Quantum chemical calculation of higher approximations 
(which means explicit inclusion of electronic interaction) 
on electronic structures of conjugated halogenated compounds 
has been carried out exclusively in the 7r electron appro- 
ximation. Simonetta6) calculated it MO's and it electronic 
energies of the ground and a few excited states of vinyl 
chloride (4 71- electron system on 3 AO's) by semi-empirical 
LCAO SCF method.* Takekiyo7' has made a valence bond calcu-
lation on it electronic energies of vinyl chloride. 
     In the present chapter the author is going to carry out 
an ASMO CI calculation on the transition energies of the 
lowest 7C--0- o' * and the lowest 7-,* transitions of poly-
halogenated compounds. The purpose of this chapter is to 
ascertain the presumption presented in Chapter 3, or in other 
    * His semi-empirical method of estimating nuclear 
penetration integrals seems to be too expedient to rely on. 
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words, to see which is the lowest transition of all. For this 
purpose the  it electron approximation is of no use at all: 
Cr electrons as well as it electrons has to be explicitly 
taken into account. One will understand the difficulty of 
this calculation caused by the increased number of electrons 
in question. For instance, vinyl chloride is a 4 electron 
system in the 71' electron approximation, but for the present 
purpose all the valence electrons, that is, 18 electrons 
(41r, 10o- and 4 lone pair electrons) have to be taken into 
calculation. 
2. Theoretical Method and Approximate 
        Evaluation of Atomic Integrals 
    One of the typical conjugated polyhalide would be tetra- 
chloroethylene, which we shall employ for testing the possi— 
bility of 1T--* transition . The compound is convenient 
because it is a polyhalide in which 7£-+0- F transition i
s 
more probable than in mono— or di—halide
, and because it 
contains only two kinds of atoms
, carbon and chlorine, which 
facilitates evaluating atomic integr
als. Neverthless, it 
consists of 36 valence electrons in 24 
atomic orbitals. To 
carry out a precise and non—empirical calculation of electroni
c 
structures of this system is quite i
mpossible for us who 
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cannot use the quickest computer. So we are obliged to 
make use of semi-empirical  and approximate methods especially 
in estimating necessary atomic integrals. Approximations 
available for atomic integrals seem to be insufficient for 
our purpose to take explicitly 0" electrons into account as 
well as 7t electrons, for there have been few examples of 
calculation on cr electronic structures of large molecules. 
     In the present section are described semi-empirical and 
approximate methods we use in evaluating atomic integrals 
and their results. 
     Atomic orbitals considered are 24 in all, i.e., 2s, 
2po- , 2p it and 2p it' orbitals on each carbon and 3s, 3.po• , 
3p ir and 3pn' orbitals on each chlorine. Two carbon and four 
chlorine atoms are named C1, C2, Cl1, C12, C13 and C14 as 
are shown in Fig. 1. The abreviations as, ax, ay and az ( 
a = 1,2) denote the name of the atomic orbitals or even the 
atomic wave functions themselves on the carbon C
a (a = 1,2) 
and similarly bS, bX, bY and bZ (b = 1, 2, 3, 4) those on the 
chlorine Clb (b = 1, 2, 3, 4). Coordinates for ax, ay, bX and 
bY are also given in Fig. 1 and az and bZ are directing up-
wards from the paper'plane. The geometry of the molecule is 
set as follows:8) the C-C bond length 1.301 and the C-Cl bond 
length 1.721 and all the bond angles 120°with the planar 
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 structure, and therefore, it belonr>s to the point group 
D2k • 
    The overlap integrals are calculated theoretically by 
using Slater 2s, 2p, 3s and 3p orbitals, where the effective 
nuclear charges are taken to be 3.18 for carbon 2s and 2p 
orbitals and 6.099 for chlorine 3s and 3p orbitals. Represen-
tatives of the results are collected in Table I. Overlap 
integrals between non-neighboring atomic orbitals (they are 
in parentheses in Table I) are disregarded in all of the 
following estimations of integrals and calculations of 
electronic energies, for they seem to be small enough to 
affect little on the last result. 
    The Coulomb integrals which is defined by the equation 
HTy =fy (1)f-1(1) ( )d-r/(1) 
is calculated by the so-called valence state energy approxi- 
mation9). Vi(l)in  Eq. 1 is the one-electron hamiltonian 
consisting of the kinetic energy T(1) and the potential 
energies Uot (1) by the +4-charged carbon and the +7-charged 
chlorine cores, me : 
6 H(1) =T(/)+ZUd(7)(2) 
of=l 
Extending the usual method in ?r electr
onic systems, Ho- may 
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be written as follows: 
     errm`Wr  — Z (mss)— (ot:rr)(3) 
     omthe('y) (#4 )       core )
In deriving Eq. 3, W7 , the valence state energy of an electron 
on the 'Y th AO, which is correlated to the valence state 
ionization potential, Ir, by 
Wr = -I(4) 
is assumed to be the eigenvalue of the equation: 
( T (1) + 41 ) 'Xr =IV,r xr (5) 
where Uri'' is the potential energy of the electron 1 on the 
cores 4causaiby the +I-charged core,. And necessary values 
of Ir and the valence state electron affinity, Fy , are 
evaluated by Moff it's method10) and Noore's Table 111) except 
for those available in Pritchard and Skinner's paper12). 
The values are given in Table II. In the present chapter 
all the energies are written in units of eV. (T ISS) and 
(c :'rr) in Eq. 3 are the Coulomb repulsion integral and the 
Coulomb penetration integral, respectively, of each of which 
the definition and the method of evaluation will be given 
later. should cover 35 electrons and 5 cores. 
(tr)l~s~ 
Calculated values of 1-111- are given in Table III . 
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    One-electron resonance integral is derived to be given 
by the following  equation, if one applies here also the 
valence state energy approximation: 
Mrs = (Sys/4) (2 H y-r I-2 Hss + 2 ( 2'1- /ss ) - (TY I T Y ) 
-(SS1ss)-(d7=Tr)—(oks ss)--(d-r:ss) (5) 
± (a s : iT) 
where dr denotes the core on which the orbital r stands. 
The values of the one-electron resonance integral thus cal-
culated are collected in Table Ns 
    Electron repulsion integrals ( TEIsu), defined by 
(rt I su)—f 2( T )7(t 1) (e2/xr2) s(z)Xu(2)d (6) 
are classified into several classes. As their semi-empirical 
bases, the one-center one-orbital integral (TYjrT .) is 
fitted to the experimental value in Table I by the equation: 
(TY 17Y ) = Ir — Ex(7) 
Effective nuclear charges
, which are to be used in evaluating 
other one-center and all two-center repulsio
n integrals, are 
decided so that these semi-empirical values 
may fit the theo-
retical results of the integral (with Sl
ater orbitals). In 
order to simplify the numerical cal
culation, the valence 
orbitals on chlorine are express
ed by 2s and 2p orbitals 
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instead of actual 3s and 3p orbitals, and the effective 
nuclear cherges are decided for these orbitals. The values 
are :  Z  Cgs = 2.463, ZC2p = 2.036, Z C12s = 2.171 and ZC12p 
= 2.117; and for integrals between the orbitals of different 
Z values the geometrical mean of them is employed. This 
approximation would not be serious, for the values of in-
tegrals by using 2s and 2p orbitals is ascertained in a few 
examples not to differ so much from those by 3s and 3p orbitals, 
The one center repuslion integrals of the type ( 7TjsS ) 
(r and s are on the same core) are calculated theoretically 
by using Slater 2s and 2p orbitals with the effective nuclear 
charges obtained now. 
    Two-center repulsion integrals of the type ( TT`SS )
(r and s are not on the same core) also are calculated by 
the same method. 
     The values of the one-center and the two-center repul-
sion integrals of the types ( Tr ir) and ( y SS) obtained 
by this method are tabulated in Table V, in which the values 
with asterisk at the shoulder are what were gotten by Eq. 7. 
    Other kinds of the repulsion integrals ( rtIsu ), in 
which multi-center integrals are included, are approximated 
by the equation6): 
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 (xtlsu)=(V/q.) Sit Ssu,i(yyIss)±(xtIuu) 
                  +(tt!uu) +(ttlss) ](8) 
which is a little different from Mulliken's popular methodl3) 
but is more convenient for numerical calculation than it. 
    One-center nuclear penetration integrals (o(2-;xr ) are 
calculated theoretically by the formulas derived anew follow- 
ing Parr's methodl3);in this calculation are used for carbon 
2s and 2p orbitals with Z= 3.18 and for chlorine 3s and 3p 
orbitals with Z= 6.099. The values with asterisk on the 
shoulder in Table VI are obtained in this manner. Two-center 
penetration integrals of the type (ds: rr ) , which are in 
general small in magnitude, may be roughly approximated. In 
the present chapter, no matter what are the atoms to which o(s 
and Y belong, the two-center penetration integral is appro-
ximated by the theoretical values of the integral between the 
carbon neutral atom and the carbon orbital with 2;=  3 .1$ at 
the actual distance, except forthe integral in which o(s is 
chlorine neutral atom , where the integral for carbon neucleus 
is multiplied by a theoretically derived factor 7/4. Newly 
derived formulas of the two-center penetration int
egral between 
a carbon atom and 2s , 2p orbitals, are given in Table VII. 
The calculated values of the two-center penetration integrals 
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are collected in Table VI. 
    Since the compound has  the D2h symmetry, symmetry orbitalsssss° 
(SO's) would be more convenient than AO's themselves. In 
Table VIII unnormalized symmetry orbitals are tabulated. 
    Molecular orbitals which are used as bases of ASMO CI 
calculation are decided by the simple LCAO MO calculation 
separately for it and a electrons, with the same energy 
parameters as in the previous papers1'2) and with including 
neighboring overlap integrals. The MO's thus obtained are 
collected in Table IX. Numbering of the MO's in each group 
of 0• MO's (abreviation Cf) and 71 MO's (it) begins from the 
MO of the lowest energy up to those of higher energy. 
    The symmetry orbitals Y, , Y2 , y3 and Y4 and SI, Ss, 
S3 and Sq_ are assumed not to enter into conjugation with 
other orbitals of the same symmetry and to make lone pairs 
by themselves. Abreviations n and if are given to the 
3p and 3s lone pairs of chlorine atoms, respectively. 
     36 Electrons in the molecule occupythe following 1$ 
IvD's: A to 4 , ni to ?? , 07 to 075 and 7 to 7s. 
S3. The Lowest 7C-., 7t* and the Lowest it- 0' * 
         Transitions in Tetrachloroethylene 
     In the present section an AMC CI calculation of trance 
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 sition energy in tetrachloroethylene is to be presented. 
At first the one-electron transitions are classified 
according to the symmetry of the molecule in Table X, where 
a--'b means the state in which the one-electron transition 
from the occupied MO a to the unoccupied MO b occurred. In 
the table are also shown which irreversible representation 
components of electric moments belong to. 
    The configurations of the lowest energy, in which we are 
interested, would be 7r 5 71- 6 configuration of all 7t-~71' 
transitions and 7r 5 - O 6 of all 77 o` * transitions. Since 
the MO's are not good enough to calculate actual transition 
energies by a single configuration, a configuration interac-
tion calculation seems to be indispensable . 
    Configuration interaction of 7t 5- 7t6 with it 1 X 6 
is carried out to get a better approximation of the lowest 
7t->z * transition; interaction of the configuration it 5 -~ 
Z6 with other configurations than 7t 1 ->7r6 of the same 
symmetry would affect the result little . it 5-70-6 transition 
is considered without any configuration int
eraction as the 
upper limit of the lowest 7r-,-0-* transition . 
    Possibility of the so-called i i 7Z* transition a
ppearing 
in lower frequency region would be small, for the energies 
of the 3s and 3p lone pairs of chlorine atom seem relatively 
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low because of its large  electronegativity. 
    As we can see in Table X, in tetrachloroethylene the 
lowest singlet Z' --- TC * ( 163,4 ) transition is allowed, whose 
transition moment is parallel ..to the C-C axis. The lowest 
singlet 7t- o- ( 152 ) transition in which we are most 
interested, however, is forbidden by symmetry. In this sec-
tion, therefore, we are only going to make a theoretical cora- 
oarison of energies of the 7r --T and T-40 * transitions. 
On the transition moment a brief discussion is to be given 
in the next section. 
Interconfigurational matrix element <1L5--7t6 X{it1->7C6> 
between the 7c 5 76 configuration and the it 1y1r 6 configu-
ration is given by the following formula: 
     1, 3 
4n5-->7L61X k -›R0--(it 1 ><7r1Z61 /r5R6>(9) 
-Girl I H 1iL5>-E/<-1C17tsIji >tE,.<7t11217L.> 
k where the matrix element between the singlet states corres-
ponds to the upper sign.and that between triplet to the lower. 
jt, is the total hamiltonian of the system, (abjcd)is the ele-
ctronic repulsion integral among MO's a, b, c and d and is 
defined: 
    <ablcd>=.1(1)b(1)(112/x12)C 2)d(2)dt,of2-2(10) 
a 
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and  <a I H I b> is the one-electron integral between MO's a 
and b, defined: 
(1)H(1)b(1)d21(11) 
H(1) being the one-electron hamiltonian defined by Eq. 2. 
Er means the twice sum over all occupied MO's in the 
ground state except 7L 6 and 7L 1, and the sum over 7£ 6, 1 
and 71' 5. E is the sum over 71- 2, 7L' 3, 1L 4 and 7r6. 
Energies of the configurations and the interconfigurational 
matrix elements and CI eigenvalues are collected in Table 
XI. 
    The last result of the calculated energies of the lowest 
7`* (singlet and triplet) and the lowest 1C ->p-* (singlet) 
transitions are shown in Table XII .'' In the table we can 
clearly see that the singlet 7L ff * transition energy is 
calculated to be remarkably smaller than that of the l
owest 
7L"-TC* transition. Though the result will depend on the 
approximation, this may be a theoretical su
pport on the 
authors' presumption that the lowest o- unoccu
pied level 
might be lower than the lowest 7Z uno
ccupied level in con-
jugated halogenated hydrocarbons , most possibly in polyhalides . 
tTriplet 7t o-F is not considered at a]  1
, for it' will be too we
ak to be observed. 
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 @4. Discussion 
    As we have seen in the preceding section, the lowest 
7l -*.(T* transition in tetrachloroethylene is frobidden by 
symmetry. Transition moment of the TC } y transition will 
be in general, except for the case forbidden by symmetry, of 
the order or a little less than that of 72--0-* transitions, 
for the orbital n is a kind of localized 7l orbital. 
     Transition moments for the lowest 7-÷0-* transition as 
well as for the lowest "IT- n * transition are calculated in 
less symmetric halides such as trichloroethylene and 1,2- 
dichloroethylene. Necessary MO's are decided by the simple 
LCAO method and the atomic integrals of the type ( S IT I t ), 
defined by Eq. 12, are calculated theoretically by the use 
of Slater 2s, 2p and 3p orbitals with the effective nuclear 
charges Zc,2$ = ZiC,2p =3. IS and ZcI, 3p =6.099 
(slrcit) = f xs(1)0=C1)Xt(1)dzi 
Since in both compounds the lowest 6" unoccupied orbital is 
strong localized in C-C1 bonds, the contribution of the moment 
integral between carbon atoms are neglected: the integrals 
taken into calculation are ( C13p1t zI C2po- ), ( Cl3p7tIzIC2s ) 
and (Cl3poizIC2pic ), between the neighboring atoms. The 
values of the transition moments thus obtained are given in
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 Table XIII. Oscillator strengths cannot be calculated 
because of lack of our knowledge of transition energies in 
these compounds. 
    Comparison of the moments in Table XIII suggests that 
the R--Q''* transition is a little weaker than the 0-x 
transition as expected above, but it would not be too weak 
to be observed by a careful experiment and analysis. 
    There has been presented no experimental result that 
proves or suggests the possibility of the it- transition 
in the range of longer wave length. Most careful and precise 
measurements of the W absorption spectra of conjugated 
polyhalides is anticipated very eagerly in this connection. 
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Fig. 1 Coordinates for atomic orbitals
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 H
Table  I. Overlap Integrals between atomic orbitals
Srs
 AO s is lx ly lz 12 1X 1Y iZ
x
is 1 0 0 0 .3100 0.3378 0
0
lx 0 1 0 0 0.1960 -0 .1892 0.1420 0
ly 0 0 1 0 0 .2989 0.2885 0.1892 0
lz 0 0 0 1 0 O0 0 .1698
2s 0.5075 0.4706 0 0 (a.0703) (0.0902) 0 0
2x 0.4706 0.2923 0 0 (0.0835)
"
0.1009) (0.0295) 0
2y 0 0 -0.3339 0 (-0 .0535) (-0.0519) (-0.0475) 0
2z 0 0 0 0.3339 0 00
"0
.0264)
is 0.3100 -0.1960 0.2989 0 1 00 0
1X 0.3378 -0.1892 0.2885 0 0 10 0
lY 0 0.1420 0.1892 0 0 O1 0
lz 0 0 0 0.1698 0 O0 1
N 2S 0.3100 •-0.1960 -0.2989 0 (0.0402) (0.0478) (-0.0313) 0
2X 0.3378 -0.1892 -0.2885 0 (0.0478) (0.0608) (-0.0314)
0
2Y 0 -0.1420 0.1892 0 (0.0313) (0.0314) (0.0154)
0
2Z 0 0 00 .1698 0 0 0 (0.0129)
3S (0.0703) (0.0835) (-0.0535) 0 (0.0014) (0.0021) (0.0006)
0
3X (0.0902) (0.1009) (-0.0519) 0 (0.0021) (0.0032) (0.0014)
0
31 0 (0.0295) (-0.0475) 0 (0.0006) (0.0014) (-0.0001) 0
3Z 0 0 0(0 .0264) 0 0 0 (0.0003)
4S (0.0703) (0.0835) (0.0535) 0 (0.0207) (0.0166) (-0.0253) 0
4X (0.0902) (0.1009) (0.0519) 0 (0.0166) (0.0176) (-0.0175) 0
4y 0 (-0.0295) (-0.0475) 0 (0.0253) (-0.0175) (0.0291) 0
4Z 0 0 0 (0.0264) 0 0 0 (0.0061)
 d
Table II Valence 








  Ionization             Ir 
 Potential 
   21.43 
   11.42 
   25.27 
   15.09
Potential and Electron 
Electron E
r Affinity 
  9.26 
  0.58 
 14.54 
  3.82
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Table III One-electron 
    Orbital r 
 is 
      lx
     ly 






Coulomb Integrals, Hrr 
              Integral
-274,862 
             -269,284 
             -255,902
-244,474 
             -228, 787 
            -233, 063 
             -214,864 
             -209, 240 
Resonance Integrals, Hrs
 Orbitals Integral Orbitals Integral
r s r s
is 2s -145.36 is is -82 .552
is 2x -132.89 is lx -90.493
ix 2x -81.392 lx is +51.521
ly 2y +89.672 lx ix +50.087
1z 2z -85.856 lx lY -36 .409
ly is -76 .712
ly Ix -74 .589
ly lY -47 .350
Iz 1Z -41 .087
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 Table V One-Center 
  and (rxlrr
and Two-Center Coulomb Repulsion Integrals
of the Types ( rr ss )
N
os
 AO  r
 1s ix 1 ly 1z 1S
1X lY 1Z
is 12.17* 11 .066 11.066 11.066 7.602 8.206 7.149
7.149
lx 11.066 10.84* 9.672 9.672 7.457 7.830 7.070
6.866
1y 11.066 9.672 10.84* 9.672 7.888 8.207 7.353 7.266
lz 11.066 9.672 9.672 10.84* 7.149 7.561 6.580 6.868
2s 9.167 9.406 8.422 8.422 5.398 5.634 5.220 5.116
2x 9.406 9.169 8.467 8.467 5.557 5.892 5.414 5.273
2y 8.422 8.467 7.987 7.489 5.297 5.578 5.180 5.028
2z 8.422 8.467 7.489 7.987 5.116 5.346 4.955 4.932
18 7.602 7.457 7.888 7.149 10.73* 10.560 10.560 10.560
lx 8.206 7.830 8.207 7.561 10.560 11.27* 9.953 9.953
1Y 7.149 7,070 7.353 6.580 10.560 9.953 11;27* 9.953





 2S 7.602 7.457 7.888 7.149 4.955 5.148 4.932 4.77u
2X 8.206 7.830 8.207 7.561 5.148 5.378 5.132 4.927
2Y 7.149 7.070 7.353 6.58o 4.932 5.132 4.923 4.730
2Z 7.149 6.866 7.266 6.868 4.770 4.927 4.730 4.633
3S 5.398 5.557 5.297 5.116 3.354 3.472 3.301 3.288
3X 5.634 5.892 5.578 5.346 3.472 3.621 3.410 3.394
3Y 5.220 5.414 5.180 4.955 3.301 3.410 3.254 3.234
3Z 5.116 5.273 5.028 4.932 3.288 3.394 3.234 3,231
4S 5.398 5.557 5.297 5.116 4.498 4.497 4.654 4.378
4X 5.634 5.892 5.578 5.346 4.497 4.474 4.641 4.322
4Y 5.220 5.414 5.180 4.955 4.654 4.641 5.964 4.487
4Z 5.116 5.273 5.028 4.932 4.378 4.322 4.487 4.237
00
Table VII Penetration Integral between Carbon Atom  and 2S,219 Orbitals 
    Ze-Psa3. 
(C : s s) =403207 106+  49 P+ 546 P+42,.10 P+ 1228 5 P2+ 23625 (+ 
   (C:(3-0-)—   X0320F9p6 + 123 P5+ 1236P+ 9618 e3+ 17493 P2 + 23625 
(C "51P 12 pr + 201P4. + 1806 P3 + 9681 r2+ 23625 (P+ 1 )~ 40320 
Z : effective nuclear charge 
p= ZR/ ao ( ao : Bohr radius; K. : interatomic distance) 
S, 0 : 2s , 2po- , 2 p?C orbital 



















y3 = ly + 2y
y4=ly-2y
zs = lz + 2z 
z6 = lz - 2z
Ls f Tetrachloroethylene 
                       Chlorine 
S, = 1S + 25 + 3S + 4S 
Xy = 1X + 2X + 3X + 4X 
Y, = 1Y 2Y + 3Y e 4Y 
S2 =1S+2S-3S-4S 
X2 =1X+2X-3X-L,X 
Y2 = lY - 2Y - 3Y + 4Y 
S3 = 1S - 2S + 3S - 45 
X, = 1X - 2X + 3X - 4X 




Zs= 1Z + 2Z + 3Z + 4Z 
Zs = 1Z + 2Z - 3Z - 4Z 
Z7= 1Z - 2Z + 3Z - 4Z 
Z s = 1Z - 2Z - 3Z + 4Z
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    Table IX  MO's of Tetrachloroethylene 
in (biu)= 0.4401 Zs + 0.1994 zs 
it 2 (bzg) = 0.4704 Zs + 0.1392 z{ 
71 3 (au) = 0.5000 Z7 
IC4 (b3g)= 0.5000 Za 
it 5 (h t1)= _ -0.2601 Z c + 0.5933 ;Z 8 
it 6 (beg) _ -0.2289 Z6 + 0.8958 zb 
a` 1 (b3u) = 0.0607 X2 - 0.0911 x2 + 0.8341 52 
0'2 (D1)= 0.1161 X, - 0.0479 x, + 0.5200 s, 
0-3 (bid) = 0.3906 X3 + 0.2996 y3 
0- 4 (bu) = 0.4009 X4 + 0.2314 y4 
U 5 (ag) = O.2884 X, - O.4O88 x, - 0.1390 s, 
0-6 (Nu) = 0.6276 X2 + 0.1970 x2 - 0.7215 sP 
0-7 (er) = 0.5119 x, + 0.6017 x, - 0.4662 s, 
0-8 (bu) = 0.3534 X4 - 0.6122 y4 
0-9 (bg.)= 0.4251 i3 - 0.9545 3T3 
0-10 (b3u) = 0.4797 Xz - 1.6011 x2 - 202511 s2 
Q 1 (ag)= 0.5000 S, 
-Q 2 (b34,)= 0.5000 S2 
 3 (blg) = 0.5000S3 
,,e 4 (bau) = 0.5000 S 4 
n1 (a,9) = 0.5000 L , 
n 2 (b3u) = 0.5000 Y2 
?i3 (b;)= 0.5000 Y3 
'A 4 (b2/4)= 0.5000 Y4
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Table XI  Configurational Matrix Elements 
3 <7.5  y 7C 6 I g 17t- > = E0 
3<7C]-*7C6IX I7L?-- 7C6>= Eo+ 
3< 6IiCIn1 6>= 2.044 






TC5 7C6I of 125 7r6 > = 
~cr---,ir6jg /—'7C6 > = 
It5~TCM7f I7z7 ->7z 6 > _ 
      1 E
t = ~o + 11.394 
I E.+ = E0 + 17.025























     9.8 
    11.4 







Table X Classification of one-electron
 Ag Au i313 ilu
7E2 -- 7(6 7t4 --" 7E6
-3-1t
717.4 Cr
7C3 -- ' 0' 7 7ru---) r8
7r5 —> 0"9 7[3--'7 0-9
7E2 —j-0- 8 7CZ~r6
764-->77o ~z— - 0-10
717 -- 07 9 7C/ r 9
714 —'- 7t'.6 ?lz 71•
22. — o`6 7/ - -- o-6
n/—bo-7 713 Cr '7
IL >r* 724 —> 0-8 222 r8
723 ----- 0'9
722 —> rl0 724 07.0
C4. ?C6 0-1—> 7l6
0- n
o-s -- Cr? rd —~ 0-6
Q t2 — S a'3 — r 7
is Crz —} Cr7 crs— o-9
03-->c9 04-- crio
r6 .7-2—  0-9
0-1 —4- 0-1D 0'/ -- - 078'
moment forbidden forbidden forbidden z _
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Table XIII Approximate Values of Transition Moments of 
 7C  ->0-* and ?2--; X * Transitions of Some 











                   Chapter 5 
   A Simple  Molecular Orbital Method for Computing 6 
   and 7U Electronic Structures with Unificative Parameters 
§l. Introductory Discussion 
    The simple LCAO MO method for discussing electronic 
structures of ff skeleton of unsaturated compounds has been 
developed by the present authorsl) (hence which will be called 
6 MO method) and has been successfully applied to the dis— 
cussion of some physicochemical properties of halogenated 
compounds2'3) and of some aldehydes-). In the method 6 
electrons are treated with an entirely new set of Coulomb 
and resonance energy parameters, part of which given in the 
A part of Table I. Because of these different sets of 
parameters for Cr and 7E electron systems, comparison of 
0 and 7r electronic structures calculated is not direct. 
    And the new set of energy parameters for 0 electron 
systems has a little conflict with that for 7L electron 
systems. When methylene and methyl c4roups in a molecule is 
treated by the Cr- MO method, the partial symmetry of the 
groups divides the secular equation into one symmetric part 
and one and two, respectively, antisyinmetric parts . Anti— 
symmetric parts being essentially 7L in nature, one of them 
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would come into conjugation with  712 electrons of the molecule 
which is well known as hyperconjugation.56) In the Cr MO 
method, hyperconjugation is not taken into account and its 
effect has been discussed by the ordinary LCAO MO method of 
7E, electron systems (hereafter referred to TC MO method). 
    Calculated (7. electron distribution by the 6 method 
for imaginary CH3CHR molecule (R is not taken into account) 
are shown in Table II where distributions are separated into 
each. part of symmetry. Generally the calculated bond 
polarity of methyl and methylene groups are illustrated as 
follows: 
CH3 CH3 
   symmetric part Cf-H CE-H 
antisymmetri c part 1 C H C >H 
antisymmetric part 2 C -H
 totalC+ H C+ H 
where the arrow A+-B corresponds to the polarity A-8 B+s 
and the larger arrow shows the larger polarity. Antisymmet-
ric, that is, 7G parts show the polarity C--->H, which is in 
contrast with the following hyperconjugation treatment. 
    On the other hand from the hypercon jugation t s standpoint, 
as is shown also in Table II, the polarity of the bond between 
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carbon and hydrogen  -pseudo-7C orbital is such as CE--H 3 and 
C-HZ. 
    This difference in polarity is due to the different 
set of Coulomb energy parameters. In the 6-MO method from 
the upper part of Table I the Coulomb integral of the anti- 
symmetric part of the CH3 carbon comes to be (DC-- 0.380 
and that of antisymmetric H3 group orbital is DC- 0.20 , 
H3 being more electronegative than C, while in the hyper-
conjugation method such Coulomb integrals as occp =0(7c-0. /7c 
and 0(pe4do-x=0K7t are popular, where pseudo-7G 
orbital is more electropositive than the carbon 7G orbital. 
    It is pointed out by Mulliken et alb)in their paper 
on hyperconjugation that though the energy of hydrogen atom 
(-13.6 eV) itself is more negative than the energy of carbon 
p 7E, orbital (-11.2 eV) , the energy of hydrogen pseudo- it 
orbital, which is expressed by 
1/He    0(
psado 7L = 0(H-                       -sh„ 
(THNSHH:resonance integral and overlap integral, respectively, 
        between hydrogen orbitals in CH, and CH2 group) 
will be more positive than the energy of carbon p7C orbital
, 
Putting (1111 = -2.05 eV and 51-o= 0.26 , they obtained 
0(pseado 7C= -10.8 eV. With the same integrals the energy 
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of the symmetric group orbital of hydrogens in methyl group 
is -16.3 eV, which is also more positive than the energy 
(-18.6 eV) of the symmetric hybridized  (sap hybridized) 
orbital on the carbon. Thus for hyperconjugating methyl 
and methylene group such set of hyperconjugation parameters 
as O(psodo 7r. = o(—0.5~~c,ocpcH3 -0(7E-0.11, 
IH3-c= 2.5 7 , pY c— CH3 = 0.7 Y or a little modified 
one is often adopted,697) where 1 = Q - S ~~f 
Experimentally there would be no decisive facts whether 
O(pseido T is more negative or more positive than c<ce . 
Dipole moment and o,p--- direction in electrophilic substitu-
tion of toluene seem to be well understandable not only in 
terms of hyperconjugative delocalization of electrons from 
H3 to the ring but in terms of delocalization through 
symmetric part of O" MO's, as in the O MO calculation, 
followed by change of Coulomb integral of the 7r; orbital on 
the carbon atom attached to the methyl group (so-called in-
ductive effect). In the present stage, however, it would 
be rational to follow such theoretical consideration as was 
done by Mulliken et al. 
    Though in most7 MO computation of hyperconjugation 
large overlap integrals in methyl and methylene groups is 
taken into account, it has been made clear by the present 
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authors' discussion2) that neglect  of  overlap integrals in 
carrying out 6 MO calculation affects little on qualitative 
results of calculation. 
    In the present chapter the authors want to find a set 
of energy parameters by which 6' and 7c electrons can be 
treated unificatively. But the parameters which have been 
used in the 6 MO calculation are desired to be utilized 
here with as small modification as possible.
part 
Cr. MO
52, Choice of New Set of Parameters 
At first for the sake of clearness, we write down 
of the secular determinant near a methyl group in the 
method.
     1 
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two degenerate
  7 
  0
(2)
 hydrogen in the group, /e sei4 , becomes to be important. 
Then the secular determinant of methyl group would be, instead 
of Eqs. 2 and 3: 
S: (1,3,5) (2,4,6) 7 
(1,3,5) 0H+213HH—E RSP1H +2 0`' 0 (4) 
(2,4,6) /3sp3H +2s asp3+2d'—~ 
703d asp'— 
A:(1,3,5) (2,4,6) 
(1,3,5)  ~(H_ gfrw— /sp3H —E 
                                  (5)
(2,4,6) 5p3H — 5p3 (1- 
    where SE-Ef4,11 
For methylene group antisymmetric parts are the same as Eq. 
5 but the symmetric part is given as follows: 
S: (1,3,5) (2,4,6)7 
(1,3,5) 04 -PHH -E /3sp3H f0
                                 (6)
 (2,4,6) 13se3N + 5 o(5 3 “-- E 
 70Gd"0tsp3 - E 
Now we are going to reestimate a new set of parameters. 
     Coulomb integrals of verious hybridized orbitals of 
 carbon and one-center resonance integrals between hybridized 
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orbitals will be derived from the parameters  o(sp= and 
~se— sp= (one center). In the simplest approximation where 
electronic interaction is neglected, the Coulomb integral 
of s'~p hybridized orbital is written as follows: 
 0(=--=m0(s+(I-7n)o(p(7) 
And the resonance integral between smpt-m hybridized 
orbitals both on the sama carbon atom is 
/3s7iry--,_npi-m (onecenteF) =772(o(s—op)(8) 
iron these equations and the settled parameters ( 01.sp2 °a 
and ,,>pz_5p2(one center) = 0.38/3 ) are derived 
the parameters in the line B of Table I. 
     The most important parameter that decides contributions 
of 0" and 7C co_rponents is the resonance energy between the 
hydrogen atoms ( /3- ) in methyl or methylene group. 
The overlap integral between carbon sp 2 hybridized orbitals 
in a bond (at 1.34 1) is 0.77, while the overlap integral 
between hydrogens in CH, or CH2 group is 0.266). If we 
simply consider that the resonance integral is proportional 
to the overlap integral, pJ HH would be (3HH _fSP'_ S?2 
x Swi ssp_ Spz -x0.26/0 77 — ,But for 
this value the Coulomb integral of hydrogen atoms in the 
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 sy';m  etric part, c414 + 2/3 NN = - 0.2/3--(0.34-/3 = a 
          , becomes more negative than that of the carbon
hybridized orbital, o(sp3 - 2X -a53r =of+O.4.9S73,which 
leads to such contribution as C H to the bond polarity. 
This contribution seems to be contradictory to chemical 
experiences that methyl group shows an electron-repelling 
inductive effect as well as hyperconjugation effect. In 
order to make the Coulomb integrals of hydrogens more 
positive than those of the carbon in both the symmetric and 
the antisymmetric parts the range 0.3/3 < /3 HH < 0.2 
seems to be appropriate. The limit 0.2 (3 is set accord ig 
to the similar discussion on the antisymmetric part. In 
the present chapter /3H0i = Q 2S(3 is adopted tentatively. 
    As to another esonance integral, /35p,— y , on the 
basis of the overlap integrals, Sspi -N = 0.69 and Ssp3- H 
= 0.15, and on the assumption of the proportionality of these 
two kind of integrals, /3 p3-H is estimated to be 0.3(3 . 
In the present chapter 0.5/3 is adopted instead of 0.3/3 , 
because the smaller (in magnitude) value laeds to the result 
that the lowest unoccupied 6 level in the compounds we 
treated gets nearer (or even lower in the worst case) than 
the lowest unoccupied 7L level
, which seems to be irrational 
from the point of view of spectroscopic experi
ences. 
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    Estimation of the resonance integral between carbon 2p 
7C~~orbitals of a double bond,,i, is now necessary 
 for our purpose that one can calculate 0- and 7C electro-
nic systems in an unificative set of parameters. Though 
from the overlap integrals, SSp 2- Sp z= 0.77 and S 7t7 = 0.25 
and the proportionality, 7E-75 = x 0.25 / 0.77 
= 0.32 /3 is obtained, we used a little smaller (in ma7i- 
tucle) value A = 0.28 /3 , for the latter is preferred 
in connection with the energies of the lowest unoccupied 7G 
and 0- levels. This choice would not be irrational corn- 
oa.r„ng the experimentally deduced values of the integrals 
7-Ex = ca.-2.2 eV7) and /-psp2 -sp2 =-6.9eV3) The integral 
7r n of the C a - C R bond in the -C R- C ok ° H3 
cart is set to be 0.20 3 , in accord with the ratio(the 
resonance integral between 7r orbitals in Cd - C73)/ 
(that in the normal 7C bond) = 0.7 which has been often 
used in the hyperconjugation treatment.6) Thus the new set 
of parameters in Table I is obtained. 
     The secular determinants Eqs. 4, 5 and 6 have the follow-
ing numerical forms:
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 C  ,S: 
1.93/3 0 
1.93p oC+o.4-7S-A—E 0.2859 (9) 
00.855/ a-0,075A E 
CH2 S: 
of+o.os/d-E 1.43 fl0 
1.43 fl 0(t o.I9/,i- 0.255 18 (10) 
        00.57 fi0(—v.o9s—e 
A: 
-oust- s 0.43 /3(11) 
0.43/3 a-6,-8/3--E 
    One of the antisyrimetric parts in a molecule, as an 
instance in propylene, that is, 7L part which is in con- 
ju7ation with 7G orbitals in ethylene bond will be given 
explicitly here (Eq, 12): 
H3 = C — C = C 
H3 o41-0.09f-E 04L.3/6 00 
 III 
a443,B o1'- E. 0.2oO 0 
oazo! o('-(12) 
C000.28/2 c('- E 
in order to compare the secular determinant of the same 
molecule in the hyperconjugation treatment. (Eq. 13): 
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H, H3= C C=C h30l-~}S'RO`2.S,B00 
IU/" 
C2.377/13 .10-ai/50-E 0.7/6. O 
na0.77,8 010-fi/s (13) 
CooA010-e 
where ode and ,4 are the Coulomb integral of a carbon 7r- orbital 
and the resonance integral between carbon -ir orbitals in a normal 
it bond, respectively. Though the unit is different in Eqs. 12 
and 13, the both seems to result in similar electron distribu-
tions and similar energy configurations. 
    Thus we can treat un if icatively both G and 7r electronic 
structures with one set of parameters. 
@3. Calculated Results and Discussion 
     Electron distributions and molecularorbitals calculated 
by the new set of unificative parameters for CH3ÔHR radical 
are grouped into p- (symmetric), 7r (antisymmetric and 
conjugating with it electrons) and Tc' (antisymmetric and 
perpendicular to the 7r part) parts and illustrated in 
Table II. As one can see in the figures the calculated bond 
polarity of each part in methyl group is: 
symmetric partC H 
antisymMetric part 1C4 H 
antisymmetric part 2C4- H
 totalC4-H 
The direction of palarity of each part seems to agree with 
our chemical intuitions.
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    In Fig. 2 are illustrated  6- , 7C and n~ electron 
distributions of toluene calculated by the present method. 
Direction of polarity of each part is the same as shown in 
CH3CH•R. 
    In this chapter though some new parameters are added 
to those previously settled in the CT MO method, some un-
certainties seem to remain to exist--especially in estimat-
ing the resonance integral between hydrogens. In this 
connection such discussion as Morita's suggestive ASHO dis- 
cussion8) on the hyperconjugation of toluene would be 
necessary. 
Interaction of 6 and 7C electrons, so-called 6--  7E 
interaction; is not included in the treatment in this chapter. 
This unificative method, however, would-us to take 
the 6--  i1 interaction into account in a simplest form
.
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 Table I Set of Unificative Energy Parameters
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           Chapter 6 
    Electronic Spectra and Some Physicochemical 
    Properties of  Anthracene 
§1. Introduction 
    Electronic spectra of anthracene have been theoretically 
studied by LCAO ASNO SCF CI (linear-combination-of-atomic-
orbital antis3 metrized molecular orbital of self-consistent 
field and with configuration interaction) method by Mataga 
at al.l) They used an approximation that the Coulomb re-
pulsion integrals were written in the fora = 14.39/ 
( 2~ v + u) eV" and also that the Coulomb penetration in-
tegrals were entirely neglected, where a is a constant 
dependent on the atoms }4 and v 
    As one can see in Chapter 3 of Part I, we made an 
LCAO ASAO SCF calculation on the anthracene, getting SCF 
ground state molecular orbitals. The method of estimation 
of the Coulomb repulsion integrals was that by Pariser and 
Parr.2) We took the Coulomb penetration integrals into 
account based on the theoretical calculation)) 
    In the present chapter, using the results (SCF MO's) 
in that chapter, we are going to give a few brief discussions 
on the ionization potential and on the calculated bond 
orders and the observed bond distances, and to make an LCAO 
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 ASMO SCI' CI calculation on electronic spectra of anthracene 
02. Ionization Potential 
    Ionization potential I is given by the following 
equation): 
I = — CW=p )(1) 
Putting W2p = -11.28 eV2) and E7 = -0.2930 eV from Table 
I o_~' Chapter 3 of Part I, we obtain 11.57 eV. as the first 
ionization potential of anthracene, which is, though no 
e::_erimental results are available, much larger than the 
estimated value, 7.23 eV., by Matsen5). Giving too large 
calculated value is not particular to the case of 
anthracene, but the general tendency of SCF calculation6): 
On this point Stewart7) made a discussion concluding that 
the assumption 
     H x ZP = Wzp /X 2 P(3) 
was not actually satisfied. In Eq. 3, 2( 2.p is the 2p 
orbital on carbon atom and H is one electron hamiltonian.
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 03. Bond Order and Bond Distance 
    Our SCF bond orders and observed bond distances are 
collected in Table I, in comparison with the SCF bond 
orders by Pritchard and Sumner in a rough approximation8)* 
and with the bond orders in simple ICAO treatment. It is 
seen in Table I that SCF bond orders in the present calcula-
tion are parallel with the observed bond distances except 
for the bond 11--12, in accordance with Pritchard and 
Sumner's result. The discrepancy in the bond 11-12 seems 
to indicate that the bond order of a bonding is not deter-
mined only by its length but by its nature; namely, whether 
the ending carbons of this bonding are primary, secondary 
or tertiary. 
§4. Electronic Spectra 
    The energies of configurations, the values of inter-
configurational matrix elements and wave functions of the 
excited states are listed in Table II, where only four lower 
excitations are considered. The calculated excitation ener-
gies and oscillator strengths are given in Table III, together 
with the observed values. The agreement with experiments is 
    * As to this approximation, see Footnote on p. 46 of 
      this thesis. 
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good, but for the inversion of excitation energies of  In, 
band and  'B34 band, which will be improved by the inclusion 
of more possible configurations. 
     In Fig. 1 calculated and observed excitation energies 
are graphically illustrated. Difference with Mataga's 
result is not serious. 
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Table II The Energies of Configurations, The 
 Interconfigurational Mlatrix Elements 
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         +0.999
ECV,y)— To= 3.743, 
  (Tay) — Eo = 2.740, 
[76 1 89] = —0.094, 
<V7,1 V68>=—0.736, 
W('B3.) = 0.877 V?? 
T C B3..) = 0.480 U, 
'~(383 u)= 0.997T9 
11(3 81;,t) = 0.075T,,
[69 196 ] = 0.551, 
[ 78 187 7 = 0.885. 
E(V69)-E= 5.206, 
E (,)- EE= 4.104. 
[6987] = 0.369. 
<T,8IT69> = 0.094. 
       `V47,       y69, 
       7-69' 
To,
[68 1861 = 0.348, 
[ 79 1 971 = 0.502. 
E (1/68)-E0= 4.684, 
E (T6s)-E = 3.987. 
[79 186 1= —0.415. 
<-1-7? ! 1",s>.= 0.094
+0.480 V8, 
+ .877 148. 
—0.075 7-6a. 
+ 0.99'7 T68.
a) In units of eV.
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Table  III. The Excitation Energies 
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                     Chapter 7 
    A Simple Molecular Orbital Method for Discussing 
     Electronic Structures of Stereoisomers  ---
    Theoretical Method and ESR Hyperfine Splittings of 
Terephthalaldehyde Anion 
§l. Introduction 
     Differences of properties of stereoisomers of organic 
compounds have long excited the interests of chemists in 
their chemical reactivities, physical properties, spectro-
scopic data, and so forth. 
    From the point of view of molecular orbital (MO) treat-
ment stereoisomers may be divided into two classes: one 
consisting of geometrical (cis- and trans-) and rotational 
(gauche- and trans- ) isomers and the other containing 
optical isomers. In the following, discussions would be 
limited to the isomers of the first class . 
     Electronic structures of these isomers are calculated 
to be identical in the scope of the simple LCAO MO method 
in which electronic interactions are formally neglected
, for 
in this method the secular equation of one of th
e isomers 
is equal to that of the other . To the discussion on the 
difference in energy of the first class 
stereoisomers, a 
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classical electrostatic calculation has been useful as well 
as the  ASMO (anti- symmetrized MO) calculation including 
electronic interactions. To the discussion on their electron 
distribution the ASMO SCF (self-consistent field) calculation 
would be necessary and adequate; a typical example would be 
the strict calculation of 7E electron distribution of trans-
and cis- butadiene by Parr and Mulliken.1) In non-polar 
compounds such as butadiene, indeed, such a strict but very 
troublesome calculation would be indispensable in order to 
show any difference of distribution. But in a compound 
containing polar groups in it some differences of electron 
distribution between the isomers, which may be sufficient 
for a qualitative comparison, would be obtained by a simple 
LCAO MO method with parameters modified by considering 
electronic interactions between polar groups. 
     In this chapter such a modified simple molecular 
orbital method is to be settled for conjugated molecules and 
is to be applied to the interesting differences of the pro-
ton hyperfine couplings in ESR (electron spin resonance) 
spectroscopy between terephthalaldehyde anion isomers re-
cently investigated by Maki2). 
    As to the structural isomers, electronic structures 
are of course different even in the simple LCAO MO 
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 calculation. In this simple method, however, it is difficult 
 to take into account the effects of near-by polar groups 
 sufficiently, while actually the electronic interactions 
would cause a considerable change in the electron distri-
bution. The simple MO method with  modified parameters that 
 is utilized for geometrical isomers would be of use also 
for this class of isomers. Applications to actual problems--
nuclear coupling constants and asymmetric parameters in PQR. 
(pure nuclear quadrupole resonance) spectra, dopole moments, 
etc. of structural isomers will be given in the future .3) 
R2. Theoretical Method 
     In the Huckel U0 theory, by solving the secular equation 
n >7(ar5-2iSrs)Ciric=o (r=7,2,....,n) (1) 
s=i 
molecular orbitals are obtained as 
a linear combination of 
atomic orbitals (AO's) as follows: 
n  C Y _ /`c7(r"= 1,2, --- ,92) (2) 
                               Y=i 
where n is the number of 'C AO'
s, a'y is the r th 7E, 
AO's, C. is the coefficient 
of the r th AO in i th MO
, Ai, 
is the i th eigenvalue of E
q. 1, and arr,and ars are 
the parameters standing f
or the Coulomb integral of the r th 
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 i  vx  = L V; ( czr ) 
                       L=/ 
= ( Cie- )2 
j=! 
where Y;, represents the number 
MO. 
Suppose that and v*-
by the use of assumed parameters. 
and the parameters, respectively, 
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AO and the resonance integral between the r th and the 
s th AO's, respectively. 
    The molecular orbitals of Crelectrons are similarly 
calculated as a linear combination of - atomic orbitals 
(sp2 or spa hybridized orbitals on carbon atoms, hydrogen 
is orbitals and 0- atomic orbitals on substituents)4)-6)* 
N °'(3) 
with parameters btt and btu defined as 
     Coulomb integral otto = b ,8cr -f-0(0 
   resonance integral /s'A;=btu°C~(4) 
where N the number of a- AO's and )3p- is the resonance 
integral of the standard C-C 0- bond of benzene. From 
these MO's the it and the Q' electron densities
, car 






           (5) 
electrons in the i th 
  already been calculated 
call them the densities 
the zero order, Of
course the results are identical with respect to cis-
and trans-  isomers. If the compound has even number of 
electrons (closed shell), Fock's operator of the p th atomic 
orbital on the A th atom, with electron-electron interaction, 
which corresponds to the Coulomb integral in the simple MO 
treatment, would be given as follows:7) 
alt Ads 
coxA )
all A's a/ cores 
        +~q, y->ZB pf~ 
           (aoto'A) CA'A) 
The former four terms are concerned with the electrons and 
the core on the atom A, and the latter two represent the 
interactions with electrons and cores on the other atoms; 
and Ypr and pg are the electron repulsion integral and 
the electron core attraction integral, respectively, which 
are represented by 
                                         Y 
      rpr'= SXp' (I)xp CI )Yizxr*(!)(2)o(z1div2 
2 andppand,pAarethe corresponding one-center integrals
, 
and 4 is the charge of the core 5 . 14/1,(1p) is the 
energy of an electron on the p th AO in its valence state
, 
which is a function of the electron density 1 
    If one assumes that when the y th and the th AO's 
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belong to the same atom B, wherever each of them may be 
directed,  Yry is equal to and and further that 416 
is equal to them (hereafter they are designated by )q8 ), 
then the latter two terms are written as follows: 
  - E Qg Ae(g) 
(.A) 
where OB is the net charge on the atom B 
all AO's 
Qg = Z. — , (9) 
cona) 
The assumption would be acceptable in this simple qualitative 
discussion. As Wp becomes more positive and-2 kmp more 
negative when ~ppis set larger, the sum 
  _(10) W
p°_WPz`p'pp — pA 
might be independent of the density'. Thus, the rest of the 
former terms is reduced to 
— 0A t'AA(11) 
And a simple expression 
au 4fo*5 
Fpp=Wp— E 05YA8(12) 
8 
    * In stereoisomers the assumption expressed by Eq. 10 
is unnecessary. The assumption is needed only in structural 
isomers. 
-255-
is obtained,  Wp° being a constant depending only on the 
kind and the hybridization of the atom (sp2 carbon, spa 
carbon, hydrogen and so forth). We choose a certain atom 
of a kind as the standard, putting 0 on the shoulder as 
follows: 
(Latices 
Fgg° = Wi° / QB ne(13) 
                               8 
    At this stage we return to the simple LCAO NO treat— 
ment, regarding the Fpp as the new Coulomb integral 04-p 
modified with electronic interactions, and Fgf as the 
standard integral di° assumed to be equal to that of the 
zero order (Eqs. 1 and 4). Then the new Coulomb integrals 
for jr electrons are 
            = do + age ix 
dp = gy } (Fip - Fgg°)(14) 
or the new parameters Qpp' and are                                          are
Also for
  QpP' = Qpp° + (Fpp--F1 °) /.oc 
cr electrons 
bn 1 = big° 





     With these new parameters of the first order, which 
 are of course different between two geometrical isomers, are 
 calculated  it and Or electron distributions of the first
 order, showing the difference between the isomers. 
     Instead of Eqs. 15 and 16, Eq. 17 
      alp' = apr° + /e (Fpp — Fgg°) /fix
                                   (17) b
pp' = bpp °+ k (if-pp — Fgg° ) /,06,-
would be better used. The value of k is unity in the Eqs. 
15 and 16 but this value might lead to over-estimation of 
the effects, and so as to get nearer to the self -consistency , 
 k might be better settled as 0 < k < 1. 
S3. ESR Hyperfine Splittings of Terephthalaldehyde 
Anion 
     Recently an ESR spectrum of terephthalaldehyde mono-
negative ion radical produced by the electrolytic reduction 
of the aldehyde has been observed by Maki2) and it has been 
found that the hyperfine splittings of the spectrum cannot 
be interpreted without taking them as rising from two radical 
species, each of which has three pairs of protons with th
e 
coupling constants, species A: 2.08, 0.70 and 3.89 gauss 
and species B: 1.54, 1.16 and 3.81 gauss. He regarded them 
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as  cis- and trans-isomers of the anion radical distinguished 
in the ESR spectrum because of the restricted rotation of 
the aldehyde groups and they suggested that the species A 
would be the cis isomer, whereas B the trans isomer. 
    It would be interesting to apply the method developed 
in the preceding paragraph and to see which species is 
assigned to which isomer and furthermore which coupling 
constant to which proton. 
    As terephthalaldehyde anion is a radical, Fock's opera-
tor in the radical is a little different from Eq. 6.8) In 
this qualitative discussion, however, the simplified ex-
pression, Eq. 12, would be rationally adopted even for a 
radical and thus no special notice to being open shell is 
not paid in this paragraph. 
Evaluation of Atomic Integrals.--Electron repulsion 
integrals necessary to the evaluation of Fock's operator are 
estimated in the form as used by Mataga9) as follows: 
YAs= /4.39 eV(17) a
qg +7748 
where am is the distance in 11. from the atom A to B and is 
a constant settled so as to fit experimental values at ril=O 
(ionization potential minus electron affinity) if A and B 




kind, an arithmetical mean may roughly be adopted. The 
values of  040 are tabulated in Table I. 
     Values of As and ,fa- , standard resonance integrals, 
are taken as follows: 
07C = -2.5 eV(18) 
,90- _ - B.DeV 
and k is set unity. 
     The geometry of the aldehyde and its anion are considered 
to be planar with bond lengths of 1.4.0 A for C-C (aromatic), 
1.52 A for C-C (substituent), 1.08 A for C-H and 1.22 A for 
C=0 and with all bond angles of 120°. 
     Parameters of the Zero Order--Parameters of the zero 
order for 7U and cr electron systems are collected in 
Table II. The values of arr° and ars° for 7( electron 
systems are similar to those used popularly. As to the o` 
system values in the Table, except for 0 and C=O, are taken 
from the recent paper by the authors.6) The values of (oo° 
and ace are settled anew by referring to the ionization 
potentials and electron affinities of oxygen, and to the bond 
energy of the C-0 single bond of alcohols or ethers and the 
ratio of the overlap integrals for C=0.and C-0 bonds, res-
pectively. 
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                                       /
 Electron Distributions oi_the_Zero Order--In the Fig. 1 
are given electron distributions calculated with the parameters 
of the zero order. Since it is needless to say that results 
are identical for both isomers, the patterns for only the cis-
isomer are written in the figure. 
Parameters_of the First Order--By using the net charge 
of the anion given in the Fig. 1 and the integrals of /AB , 
/,fin and //c- given in the foregoing section, new parameters 
of the first order are derived. 
     As for the it electron system, as the circumstances 
affecting n AO's C11 and CIII are invariant of the isomerism, 
their a-rr' 's are taken equal to are 's.* For carbons IV 
and V, which are indistinguishable in the zero order, new 
parameters are estimated by looking on tentatively the 
Cv 7t AO in the trans isomer as a standard; and for oxygens, 
the OI n AO in the trans isomer as a standard. 
     Similar standardization and recalculation of the 
parameters are carried out also for v AO's. The values 
of parameters a yr' and btt' of the first order thus cal-
culated for both isomers are tabulated in Table III. 
    Results and Discussion--Pi and Sigma electron densities 
and 'X spin density of the isomers of terephthalaldehyde 
    * As to the numbering of 1t AO's
, see Fig. 1 
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LE
anion are calculated with the parameters of the first 
order; the results are given in Fig. 2. 
    As would be expected from a simple electrostatic  con-
sideration, in both isomers it electron density on CV is 
larger than that on C N, since to the latter the electron 
rich and accordingly repulsive center of oxygen is located 
nearer. Similar tendency is found to appear also in o-
electron densities on ring hydrogens and ring carbons. The 
7G spin density is calculated as the density of the half-
occupied level of the anion. 
     In order to compare with the calculation, experimental 
proton hyperfine coupling constants, aH, are converted into 
spin densities on the adjacent carbon, Pc , with the 
equation 
          QH - Q(c (19) 
where the constant Q is equal to -23 gauss.1C) Strictly 
speaking, the constancy of Q would not hold in this case, 
for the different polarity of each C-H bond, as is seen in 
Fig. 2, would yield a different value of Q, but in a quali-
tative discussion like this such a slight difference would 
be of little significance. 
     On collating calculated spin densities with experimental 
                           -261-
ones indicated in Table IV, we find their good  mutual agree- 
ment, obtaining the following assignments: 
     (1) The species A is the cis isomer and the species:B 
is the trans isomer, in agreement with Maki's proposition. 
     (2) In each isomer the largest (in absolute value) and 
nearly invariant coupling constant is originated from the 
aldehyde proton. 
     (3) In the trans isomer the order of the spin density 
on ring carbons is CV>CN. On she other hand in the cis 
isomer the spin density on CIV is much larger than that on 
CV. This result seems very interesting because the order 
of the spin density is inverse to that of total 7C electron 
density and is contradictory to a simple electrostatic pre-
sumption. On inspecting the calculated electron distribution 
of each molecular orbital (Table V), such a presumption seems 
to be warrantable to the total density and to the distribu-
tion of molecular orbitals of lower energy, but not necessarily 
to that of molecular orbitals of higher energy or of less 
bonding or antibonding nature, as the half-occupied orbital 
of the anion discussed here.
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ids
                       Reference 
  1) R. G. Parr and R. S. Mulliken, J. Chem. Phys.,  18, 
1182 (1950). 
  2) A. H. Maki, ibid, 35, 761 (1961). 
  3) K. Morokuma nd K. Fukui, to be published. 
  4) K. Fukui, H. Kato and T. Yonezawa, Bull. Chem. Soc. 
Japan, 2, 442, 1111 (1961) .
* If the compound in question is a conjugated system, sp2 
  hybridized orbitals should be used. When the compound 
   is a saturated one, 75 MO's (eq. 2) do not appear and 
  oMO's are composed of spahybridized orbitals. 
   5) K. Fukui, H. Kato, T. Yonezawa, K. Morokuma, A. Imamura 
and C. Nagata ibid, 35, 38 (1962). 
  6) K. Morokuma, K. Fukui and H. Kato, ibid., 36, in press 
    (1963). 
  7) J. A. Pople, Trans. Faraday Soc., 49, 1375 (1953). 
  8) C. C. J. Roothaan, Rev. Modern Phys., 32, 179 (1960); 
J. A. Pople and R. K. Nesbet, J. Chem. Phys., 22, 571(1954). 
   9) N. Mataga and K. lishimoto, Z. physik. Chem., 13, 
140(1957). 















       Q (r) 
density of 
aldehyde 
of 7- AO+s) 
1. 
Lu093 
            awm 0.8951 H- 7
085'io086                  9 .. 000,.
H
N' 
7t Electron density 
aldehyde anion 
     0 1. /169 
 O.Sb72
N' 
                          45 
                           (z> 
0' Electron 1 
          (numbering1
Electron distributions 
(numbering of AO s in
PJ CS) ~v~ 
ie) N 
 C~3> (d 
 density; 
of 6" AC's) 








 O.0  917
7 Spin density 
of the anion 
to 2530 
        H


















                 0.488Y 
 1.0651 H 
I. 2409308 




(numbering of 7t AO ts ) 
2 Electron densities 
   (numbering of AOIs
o,9od3 }i~

















  (numberingof 6` AO's) 














Table I Values  of aAg for Various Pairs of Atoms
B

















a rr, a rs bt and
 Ct. rr • Coulomb Integral of 7t AO's ars° Resonance Integral
between 7r AO's
0 2 CII-O 1.4
CII 0.2 C-C 1
O(others) 0
btt- Coulomb Integral of a AO's btu' • Resonance Inte ,•ral
between tr AO's
0 0.3 C-0 1.1
C 0 C-H 0.94
H -0.2 C-C(bonding)Lri 1
C-C (on the 0.38
same atom)
 * As  to the numbering AO'S,Csee Fig. 1.
—266—
Table  III Values 
 Order*
of Parameters a rri and b tt of the First
 cis trans
Coulomb Integral of a yr' Coulomb Integral of
Z AO's 7r AO's
0= 1.976 01 2.0(standard)
On 0.2(invariant) Cit 0.2(invariant)
C 0 (invariant) 0 (invariant)
Cw -0.230 Ow -0.146
Cv 0.084 Cv 0 (standard)
 btE': Coulomb Integral of 
a A0's





06 ,q ,12   C
lC C
8 ,C, ,C, 
11,0 














Co 9C9 9CH 
H,0 
C,3, C ,4, C, 
His
-0.2(standard) 
 0 (invariant) 
+0,3(standard) 





* As to numbering of AO's, see Fig. 2
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Table IV Calculated and  Experimental 
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                      Chapter  E 
    Angular Dependency of ESR Proton Hyperfine 
      Coupling Constant of CH2 Group 
 01. Introduction 
    Recent ESR studies on organic radicals in the solid 
state have revealed several interesting facts on the struc-
tures of these radicals. It would be one of these facts 
that in some radicals /9 protons--protons in methyl or 
methylene groups adjacent to the carbon ato: which brings 
an odd electron--are chemically distinct from each other. 
    Heller and McConnelll)studied the ESR spectra of X 
irradiated single crystal of succinic acid and analyzed them 
to show that the radical produced was identified as shown 
in ?ig. la and the coupling constants (nearly isotropic) 
of the two protons, H1 and H2, were not equal. They con-
cluded that the distinction was caused by a kind of defor-
mation of CH2 group: the H-C-H angle was no longer bisected 
by the molecular plane. They assumed the following equation 
for the angular dependency of the coupling constant of /3- 
protons: 
QH (e) = 5): K cos2e(1) 
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In the equation  ClH0) is the isotropic hyperfine coupling 
constant of R protons, ,p is the spin density on the 
carbon (o( carbon) adjacent to the methylene group, O is the 
angle between the carbon p7r orbital on the o< carbon and 
each of the C-H bonds both projected to a plane perpendicular 
to the Co( -Cg bond, as shown in Fig. 2. In this expression 
they seem to have assumed that the type of the deformation 
would be the rotation of the alkyl group around the Co( -C1 
axis. 
After that Kurita and Gordy2) found a similar distinc-
tion between the two protons in a CH2 group on studying the 
ESR of the irradiated single crystal of L-glycine hydro-
chloride. In this case the radical was identified as that 
shown in Fig. lb and the coupling constants were OH! 
       and (2H2 = z7„T$ , If we simply applied Eq. 1 to 
the discussion f the ratio avQH2 , the deformation would 
have to be very large. Pooley and Whiffen3) also observed 
different coupling constants of /3 protons in the radical 
HOOC(i.2CHCCOH from succinic acid (100 Mc and 80 Mc). Jaseja 
and lncierson4) obtained a different pair of unequal coupl-
ing constants (115 Mc and 18 Mc) in the same radical 
HOOCCH2CHCOOH from aspartic acid, attributing the cause of 
deformation to intermolecular forces. In both of the papers 
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the deformation angle was discussed by the  cost B rule. 
    Recently 0hnishi, Sugimoto and Nitta5) have carefully 
studied the temperature dependency of the ESR spectra of the 
radical in 6 irradiated stretched polyethylene which had 
been assinged to the allyl type radical shown in !+i;. lc, 
and have found that at low temperature (-180°C) the protons 
in CH2 groups adjacent to the allyl group, H1 and H2 in 
the figure, give different isotropic hyperfine coupling con-
stants, that is, 30 and 11 gauss, respectively, and at high 
te:inerature (+1/;2°C) the distinction disappears and the both 
constants come to 21.3 gauss. Adopting Eq. 1 the calculated 
9 of H1 and H2 are obtained 55°02' and l8°52. The devia-
tion from the normal angle, 30°, seems irrationally large. 
    As the mechanism of deformation the rotation would 
be more difficult in the case of methylene group, CH2R, than 
in the case of methyl group, -CH3 because of the bulky group 
--000H, alkyl and so forth, attached to the former. Es-
pecially in polymeric solids like stretched polyethylene 
the group R being a very long chain, the rotation around Co( -
C)9 axis would be almost hindered. In this case the defor-
mation would be performed by rocking, twisting, or others. 
    In the present paper we considered two typical mecha-
nisms of deformation: one is the rotation around the Coo.-O9 
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 is and the other is the rocking of CH2 group in a plane on 
which normally the two C-H bonds of the CH2 group exist, 
and made a valence bond calculation on the spin density on 
CH2 protons for their various conformations caused by the 
rotation and the rocking, in order to see what angular de-
pendency proton hyperfine coupling constants on CH2 groups 
obey. 
    The fact that we assumed rotation and rocking as a 
source of,non-equivalent coupling constants does not nece-
ssarily mean that the energy minimum is accomplished by 
these kinds of deformation. A possibility that one hydrogen 
is attracted to the odd p orbital making a bent bond might 
be considered as well as a possibility of twisting. It 
would be very interesting to study theoretically what is the 
most stable conformation and why such a deformed conformation 
could be stable, but calculation seems to be awfully com-
plicated in order to explain such slight difference in Con— 
formational energy and hence this problem would not be dis-
cussed in this chapter. 
§2. Method of Calculation 
    In calculating the ground state wave function and the 
spin density in the state is employed the hypothetical system 
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consisting of 5 valence electrons on the five atomic orbitals 
as  shown in Fig. 3: the 2p 7c orbital (designated by p ) on 
the carbon in which an odd electron is situated, the two 
hybridized orbitals ( 6, and 62 ) on the carbon /3 and the 
two is orbitals (H and H 2 ) on the two hydro.-;ens which are 
bonding with the hybridized orbitals 6; and CI , respec-
tively. In their normal conformation Co( Cp Ca- chain is 
situated on the plane U and the two CH bonds are on the 
plane V which in perpendicular to the plane U and bisecting 
the Ca C~ Ci angle. 
     All canonical structures that have ma2dmum bondings, 
that is, five structures are taken as the bases of the valence 
bond calculation, but all ionic structures were neglected. 
This neglection would result in a larger spin density on 
hydrogen atoms; but we are going to discuss the relative 
change of the spin distribution by the variation of confor-
mation because of the uncertainty involved in evaluating 
atomic integrals that will be mentioned later, and so far 
the neglection would not affect the conclusion. 
    Throughout he calculation the deformation is considered 
to cause the corresponding change in the hybridization of 
the carbon orbitals making the deformed bonds and the hydro-
gen atoms are always regarded to be in the direction of the 
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hybridized orbitals with the CH bond length which is not 
changed by the  deformation. 
    In treating rotating conformations the four hybridized 
orbitals, (r , 0-2 , 6, and 6"4 remain sp 3 hybridized. 
The calculation of the spin density was made for various_ 
rotated angles around the C of axis. 
     In treating rocking conformation, the hybridized orbitals 
on the carbon p are written with the two parameters a and 
b. Parameter a corresponds to the variation of the C ok C 4 Co, 
angle. It is the reason why we considered this kind of 
deformation that, for instance, as to the al-1yl type radical 
in oriented polyethylene mentioned above the polyethylene 
main chain would be fixed and in order to decrease the 
strain the allyl radical might change the angle 5 of 
Co( C1& C( . Ln our calculation the angle <y is expressed in 
terns of the parameter a which designates the hybrization 
of the orbitals 0-3 and 0-4 a2 is the s nature of the 
orbitals 6`3 and 6¢ , as can be seen in the followings. 
= Cos-t (a/ (e- 1) ](2) 
    = a w - Y (I - 2a2)/2 7'ft2pz  ('/v) 1/' /d-r e 
                                  (3) 5
4 = a e2s --- 262)/2ibftspx - (%V ) /3211 
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where C/,9zs  ,  jOzpx and c 8zpy are 2s, 2px and 2py orbitals 
on the /9 carbon, respectively, the coordinates being taken 
as shown in Fig. 3. 
     In any conformation with varied a, value and with various 
magnitude of rocking of the two CH bonds, it is assumed that 
the C « C/2 Ca- chain and, consequently, the orbitals 6
3 and 
64. are always in the plane U which is perpendicular to the 
odd p orbital P, and that the orbitals 6; , 01 , H, and E2 
are in the plane V parallel to P and bisecting the angle o . 
The other parameter b is utilized to stand for the hybridiz-
ation of the orbital 0, : b2 being the s nature of the 
orbital d; , the s nature of the orbital 0'
2 is 1 —2R2—/>Z. 
Exact form of the orbitals 0-, and 62 is written as follows.
be e2s+6v —2Ct2)0/e2pX+(^1-202—b2/^1-2a2 )cGpzpz 
=^/—zaz—bz.$ 2 +("Ta^o—zaZ—b~//-2a1)~'e2p)L—) d2
pz 
Colculation is carried out for the following three 
     Series 1: t =2, i.e., (j3 and N. are both sp3 hybrid 
nature 25%) and consequently the CC(C,BCy angle is 109°28 
Hybridization of 0 is varied from sp3 to p
, at the sa 
that of 0-2 from sp' to sp. 
    Series 2: a=1/ 5: 0 and Q are both sp4 hybridiz 
nature 20%) and consequently the Co, C, Cd- angle is 104° 
narrower than normal. 
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ng three  values of 0 
               i (s 
s O  1). 















    Series 3:  a.= J3/10 : 673 and 64. are both s 'p 7 hybridized 
(s nature 30%) and the C ok Ca Cr angle is 114°23', obtuser 
than normal. 
    The angles B, and 02 defined in Fig. 2 are easily 
connected with the parameters a and b, as follows: 
banel Ih - a2 (
5) 
tn62 = aV/-2aZ-b2/b/l-Qz 
And the following relationship between the angle e, and 02, 
as a function of the parameter a but independent of the 
parameter b, would be used in the following section in check-
ing the calculated results. 
 td>z6, tan B2 = a2/(i - az)(6) 
     Natrix elements between canonical structures are re-
duced to those between hybridized orbitals by the usual 
method; and those are also reduced to those between atomic 
orbitals by Eqs. 3 and 4. 
     Atomic exchange integrals requisite to the calculation 
are evaluated according to the method by van Vleck6) and by 
Karplus et a1.7) The values of integrals employed are coll-
ected in .Table I. Nrs's in the table are the following ex-
change integrals between C p and HI or H 2 
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         Mrs -~'~y(I)Cbi S(2)"H{s  (1)O's (2) -- (7) 
              H: total hamiltonian 
and are evaluated from the dissociation energy of methane 
and the heat of sublimation of graphite. All Nrs's between 
Cd and H, are neglected because they are small. Fo's and 
F2 and G1 are the usual one-center atomic integrals of 
C,e , whose values are deduced from spectroscopic data of 
a carbon atom. Exchange integral [Hi  , H21 between H1 and 
H2 is calculated on the Morse function as a function of 
their interatomic distance. There seems no reliable method 
available for evaluating exchange integrals Nrstu between 
Co( and C/3 
     Nrstu = f Cb«r (I)~/,~s(2) ---HCliRt(nCbdu(2) Z (8) 
In this chapter, except for Nr zz .7--c , the effective two electron 
hamiltonian approximation by Iiarplus7) is used
, giving the 
following results: 
                                e2     Nrstu -fbco-(r)Sbfs(2)e5'ftcocbco (2) (lc dza(9) 
I for (r,u) = (2pm , 2p7& ) 
s,t = 2s, 2p or, 2p7E7 






    The overlap integrals between atomic orbitals are en-
tirely neglected in order to simplify the calculation. 
 §3. Result and Discussion 
    Calculated spin densities on protons for rotating 
conformations of various angles are tabulated in Table II, 
together with spin densities on carbon hybridized orbitals. 
From the spin density, 6„ on the proton one can calculate 
the coupling constant aH by the following equation: 
&H =QYH(10) 
Q being the coupling constant of proton when yH is unity. 
In the normal conformation both 0, and 82 are 30°. Spin 
density on a proton does not seem to be dependent only on its 
own projection angle, say 9, , but also on the angle of the 
other proton, say 8Z , which one can see by comparing Calc. 
Nos.1 and 4 where Si./ is different for the same e , 30; 
The situation is the same in Calc. Nos.3 and 5. Roughly 
speaking, however; it varies in accord with cos 28 as one 
might see in Fig. 4. In Fig. 4 the curve J H = const x cos28 
is drawn so as to fit the calculated result (Calc. No.1) at 
6= 300. Accordingly, it may be said that the cos28 rule 
may be utilized for the hyperfine coupling of CH2 protons 
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in the rotating conformation. 
    Spin density on the hybridized orbitals increases with 
the increased spin density on the proton of the  CH bond, as 
is seen in Table II. Thus as the isotropic coupling constant 
of the methylenic proton (deformed by rotation) becomes 
large, the anisotropy of the coupling will get large, though 
the magnitude of anisotropy seems to be negligibly small. 
     Results of calculation for rocking conformations are 
collected in Tables III, IV and V, together with spin den-
sities on /3 carbon hybridized orbitals and the s nature of 
the latter. The angular dependency of proton spin densities 
in the case of rocking conformations is entirely different 
form that in the case of rotating conformations, as is illust-
rated in Fig. 5. It should be stressed that the cos'6 rule 
applies by no means to the proton coupling of methylene group 
in the rocking conformation: the proton coupling constant 
varies more rapidly with the projection angle 0 . If one 
tries to use the cos 40 rule to the rocking methylene group
, 
one will be led to a larger deformation from the normal sites 
than it is. Actually the rotation and the rocking and other 
kinds of deformation would take place in the methylene 
group which gives unequal proton coupling constants for the 
two protons, and therefore minute care should be paid in 




basis of its proton  coupling constants. 
    Proton spin density in the case of the this deformation 
is not simply a function of B . For instance, negative 
spin density on the proton nearly in the plane U (for 
exa_l_;ple, -0.0459 in Cabc. No. 7 in Table III) does not seem 
to be originated from the direct interaction of the CH bond 
with the odd orbital P, but from the mixing of the inter-
action of the CH bond with the other CH bond and of the 
interaction of the latter with the orbital P. This is shown 
by a valence bond calculation on the system consisting of 
the three atomic orbitals (P, and 5 and H orbitals of the 
bond in the plane U) : proton spin density in this case is 
calculated to be -0.0036, which is ten times smaller in 
magnitude than the spin density shown above. 
    There may occur actually other kinds of deformation 
than rotation and rocking. So far as the spin density is 
concerned, other deformations, for instance twisting, might 
be derived as a mixing of rotation and rocking in the first 
approximation. 
    The effect of the Cc< C, C, angle,q), to the proton 
spin density will be seen in comparing Table III with Tables 
IV and V, or in Fig. 5. Generally speaking, the larger o 
value results in the larger (in absolute value) proton 
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spin density for the same hybridization or the  same bvalue, 
though the difference is relatively small. For a minute dis-
cussion this difference should be taken into consideration. 
But for a rough estimation of the rocking angle the calculated 
spin density and its interpolation for the normal Cfl value 
(Table III) would be safely used. 
     Spin density on p carbon hybridized orbitale varies 
almost parallel with that on the proton in the bond, which 
also can be seen in Tables III,IV and V. Thus the anisotropy 
of the proton coupling constant would become important for 
protons whose projection angle is smaller than 20°. 
    §4. Application to Allyl Type Radical in 
         Oriented Polyethylene 
    We would like to apply the result of the preceding sec-
tion to the coupling constants of the two non-equivalent 
protons in methylene group adjacent to allyl type radical 
in oriented polyethylene, which were observed by Ohnishi et 
a1.5) Application to this problem would be appropriate and 
rational because, as was mentioned previously, the allyl 
radical, which is produced in a midway of an oriented poly-
ethylene molecule, would not be able to rotate because of the 
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.''e
 long main chain of the molecule, but it would be 
 able to rock, because rocking need not any motion of main 
 obtain. 
      Observed coupling constants by them are given in Table 
 VI, where  -180°C is the temperature at which the deformation 
 of methylene group seems to be entirely frozen to the minima 
 of the potential energy (probably double minima on either 
 side of the normal conformation) and +142°C is the one at 
 which the transformation from one minimum to the other is 
 perfectly free. 
      At first for comparison's sake the cos 20 rule is em-
 ployed to estimate the projection angle. If 21.3 gause at 
 +1420C is assumed to correspond to 9= 30°, 30 gause at 
-182°C cannot be achieved by any 9 value (Table VI) . On 
 the other hand, if empirically deduced K = 58 gauss and 
SCF TC spin density on of carbon of allyl radical .~d = 
 0.622 is used to Eq. 1, an unexpectedly large deformation 
fro_a normal angle (30°) is obtained (Table VI) . 
      In our valence bond calculation an odd electron on 7G 
 carbon orbital (P) interacting with /3 CH bonds are treated. 
But in allyl radical which is a conjugated system the number 
of odd electron on P is not unity but .f . So, instead of 
Eq. 10, Eq. 11 may be used in the first approximation. 
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 QH = .?Q( JH Q(11) 
Q is theoretically given to be 507 gauss and d = 0.622 
as stated above and aH is observed, and then yki can be cal-
culated and consequently the angle g will be deduced. But 
as the numerical value of the calculated proton spin. density 
.P H may include some error caused by the approximations 
employed, e.g., neglect of overlap integrals and neglect of 
ionic structures, it seems more rational to take fH as 
compared in its relative value. That is to say, regarding 
the product S',;('0 as a parameter to be decided experimentally 
we connect the observed aH to PH and e , and use one more 
relation, Eq. 6, to check the consistency of the assignment. 
     First we assume the radical has the conformation where 
 a = 0.250, that is, = 109°28'_ Then the coupling 21.3 
Yauss at +1420C will correspond to the normal site b2 = 4 
and 9, = B2 = 30°00', and from the calculated pH = +0.0817 
of this case QPa is obtained to be 261 gauss.* Using this 
and interpolating the calculated spin density in Series 1 
(Table III), the values of 19 in Table VI, 24020' and 39°101, 
are obtained. This set of B.
, and 02 comes to the relation 
    * Here if Td = 0.622 is applied, Q = 420 gauss is obtai-
ned. Comparing this with the theoretical value 507 gauss, is recognized some effect of neglecting ionic structures, like C- H÷, which makes the calculated spin density on 





tan  9, tan 02 = 0.368 and with the aid of Eq. 6, comes to 
aZ = 0.269, which is larger than the assumed value 
a2 = 0.250. 
     Secondly, if the conformation of the radical is assumed to 
be the case a2 = 0.333, i.e., 50= 114°231, are obtained the 
results in the last line of Table VI and a2 = 0.317, which 
is smaller than the assumed one. 
    Thus the value of a2 in the allyl radical obtained 
between a and 1/3, and therefore Sp lies between 109°281 
and 114°23'a widening of the C~ Cp Ct angle from the tetra-
hedral angle seems to take place in this allyl type radical. 
The deformation from the equivalent sites derived by our 
rocking model is 6° to 9°, which is much smaller and more 
probable than 18° or more by the cos 26 rule. 
     By considering the difference of the bond length be-
tween the CC single bond and the allyl CC bond, widening of 
the C., C,B Cr angle is proved to be probable for the radical 
to reduce the strain.5) 
   In the present chapter we applied our calculation based 
on the rocking conformations only to the allyl type radical 
in polyethylene, but unequal couplings of some organic 
radicals in single crystals and in rigid glass also seem to 
have to be partly reexamined by this result. 
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  Table I Values of Exchange Integrals Employed 
              (In Units of eV) 




I\I ,r„, -0.60 
E_:chanT,e integrals in Op 
F0(2s, 2s) - 2F0(2s, 2p) + F0(2p,2p) 0.430 
F20.231 
G12.415 
E:change integrals between HI and Hz 
 Cu,,i H2IMorse function 
Exchange integrals between and P 
N 7cssTc0.207 
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Proton Spin Density 
                fH2
+0.0817 +0.0817 
+ .1039 + .0565 
+ .1262 + .0108 
+ .0734 - .0108 
+ .0233 + .0233
/3Carbon Spin Density 
-0.0753 -0.0753 
- .0941 - .0530 
- .1124 - .0098 
- .0687 + .0113 
- .0228 - .0228
Table  III Calculated Spin 
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+0.0816 +0.0816 
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+ .1280 + .0453 
+ .1455 + .0348 
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Calculated Spin Density for Various 
   (Series 3 : a2 = 3/10, 
s Nature of Projection Angle 
Hybridized Orbital 
620' 92 
  0.200 0.200 33°13' 33°13' 
   .167 .233 25057~37°46' 
   .111 .259 22°06' 46°35' 
   .067 .333 16°19' 55d40' 
   .040 .360 12°18' 63°01' 
 0 .400 0° 90° 00
Rocking Conformations 
= 114°23`) 
Proton Spin Density 
     J I {, )H2 
+0.0519 +0.0519 
 + .1063 + .0584 
 + .1541 + .0219 
  + .2040 - .0031 
 + .2433 - .0197 
+ .3858 - .0371
,0 Carbon Spin Density 
/'62 
-0.0753 -0.0753 
- .0960 - .0544 
- .1339 _a .0199 
  .1694 + .0050 
- .1946 + .0222 
- .2679 + .0403
 1"
      Table VI Observed Hyperfine Coupling Constant 
               by Several Methods 
Observed  coupling constants) 
cos 2 8 rule 
(21.3 gauss is assigned to 30°00) 
cos 2 8 rule 
(K=58 gauss) 
Projection angle 
6 Rocking Deformation 
(a2 = 1/4) 
                  Rocking Deformation 
(a2 = 1/3) 
          * Observation temperature
and Estimated  Projection Angle 0 
H,H2 H, and H2 
(-180°C)* (-180°C)* (+142°0'* 
30 gauss 11 gauss 21.3 gauss 
impossible, 51032300001 
                        (assumed) 
18052t550021 37°06! 
24°201 39°10' 30000' 
27°30'410491 330131
                     Chapter 9 
    Theoretical  Assignment of ESR Spectra of 
    Cyclohexadienyl C6H7- and Phenyl C&Hs- Radicals 
@1. Introduction 
    Assignment of observed unknown spectra to a certain 
radical is often liable to involve some ambiguities. One 
example is seen in radicals from benzene and substituted 
benzenes. 
    Fischerl) irradiated benzene, toluene, ethylbenzene, 
cumene, fluorobenzene and chlorobenzene with electron beam 
at 77°K and observed the same spectrum from all of the 
studied compounds, which consists of a main triplet of the 
splitting of 50 ± 2 gauss, each component of which separates 
into four triplets with the splittings 10.610.5 gauss 
(quartet) and 2.6±0.2 gauss (triplet). He ascribed the spect 
rum to cyclohexadienyl radical, C6Hi, with the largest split-
ting 50.gauss of the two methylene protons, with the splittin, 
10.6 gauss of the two ortho and the one para protons and with 
the smallest splitting 2.6 gauss of the two meta protons. 
    Ohnishi et a1.2) studied ESR spectra of radicals pro-
duced by electron beam irradiation at 77°K on benzene, 
toluene, chlorobenzene, phenylcyclohexane, benzoic acid and 
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xylenes. For benzene at the observation temperature lower 
than -50°C they obtained a triplet spectrum with a quartet 
structure, each component having a finer triplet structure 
 with the splittings 47.5 gauss (triplet), 10.4 gauss (quartet) 
and 2.5 gauss (triplet), respectively. At the higher tem-
perature this spectrum disappeared and there remained another 
singlet spectrum with the width d Hmsi of 25 gauss. The 
former complex spectrum which is very close to that by Fischer 
was attributed to cyclohexadienyl radical as well as Fischer, 
while the latter singlet spectrum was ascribed to phenyl 
radical CHs . Kuwata3) observed a broad spectrum from UV 
irradiated helogenobenzenes, which was considered to originate 
from phenyl radical. 
    On the other hand, Ux.E fria3E et a1.4) irradiated 
benzene with electron beam and observed a triplet spectrum 
with the intensity ratio 1:2:1 and the splitting 45.0±1.5 
gauss, whose each component separates into a quartet with 
the splitting 10.2±0.5 gauss. Though the spectrum seems to 
resemble very closely those by Fischer and by Ohnishi et al., 
according to 4xavlo3E et al. it was the spectrum of phenyl 
radical where the largest triplet was assigned to the two 









    As we explained here, the assignment of the two kinds 
of observed spectra, the triplet with  quartet structures and 
the broad singlet, is still a matter to be settled. Judging 
from the historical evidence that theoretical calculations 
and discussions have offered many foundations on interpretation 
of ESR spectra, it seems to be worth while to make a valence 
bond calculation on cyclohexadienyl and phenyl radicals and 
to compute spin densities or the coupling constants of pro-
tons, which will be given in the present chapter. 
@2. Valence Bond Calculation of Proton 
        Coupling Constants in Cyclohexadienyl Radical 
     Model of C6H7 Radical.-----Cyclohexadienyl radical is 
treated as a system consisting of 9 electrons on the following 
9 atomic orbitals (Fig. 1): 
     o : 2pit orbital on one of the ortho carbons 
o': 2p rc orbital on the other ortho carbon 
     m : 2p7r orbital on one of the meta carbons 
2p 7 orbital on the other meta carbon 
    p : 2p-re orbital on the para carbon 
o- : hybridized orbital on the carbon is directing the 
AO H 
0`': hybridized orbital on the carbon directing the 
       AO H' 
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    H  : hydrogen is orbital on the hydrogen bonding with o-
    H': hydrogen is orbital on the other hydrogen bonding 
        with o ' 
The plane on which the Cr H and the Cr tH1 bonds are located 
is always assumed to be perpendicular to the molecular plane. 
As the hybridization of the methylene carbon, CA in Fig. 1, 
and the bond length of the CA -Corthobond do not seem to 
have been decided experimentally, we employed the following 
four different sets of configurational parameters in order 
to see the variation of calculated results with these con-
figurational differences. 
a) The hybridization of the carbon A in the C4 -Cortho bonds 
is assumed to be sp2, which implies that the C-C bonds in 
benzene are not affected by a hydrogen addition; and there-
fore the hybridization of the orbitals a and O' is sps 
(s nature 1/6 and p nature 5/6). The CA -Cortho bond length 
is assumed to be 1.39A, the C-C bond length in benzene. 
b) The same hybridization as in a). The C4 -Cortho bond 
length is 1.54x, the bond length of a normal C-C single bond. 
c) The carbon /a is assumed to have the tetrahedral configu-
ration, that is, all the valence orbitals of the carbon /B is 
spa hybridized. And the96-Corthobond length is 1.391. 
d) The same hybridization as in c). The bond length is 1.541. 
                                -300-
     In all of the four sets the  00-04-0O3  -0 ' angle is assumed 
to be 1200; this choice of the angle hardly affects the cal-
culation result of spin density, 
     Canonical Structures.-----Of all the possible canonical 
structures that have maximum bondings, 11 structures of lower 
energies corresponding Kekule and Dewar structures are taken 
into calculation. They are illustrated in Fig. 2. 
     Atomic Integrals.-----Method of evaluation of necessary 
atomic integrals is the same as in Part II Chapter 85) of 
this thesis, mainly the method by van Vleck6) and by Karplus 
et al.7), except for Altman's8) exchange integrals between 
pit orbitals. Employed values of the pr -p7 exchange integ-
rals are Ttrm (1.39A) = -2.27 eV and id rznnir (1.54) = 
-1.24 eV. Exchange integrals between on-neighboring atomic 
orbitals are thoroughly neglected. 
      Calculation Result.------Calculated ooeffici ents of each 
canonical structures in the ground state wave function is 
collected in Table I, from which are derived spin densities 
in Fig. 3. 
     In Fig. 3 is also given the result of a comparative cal-
culation on an imaginary compound in which the interaction of 
one of the ortho carbons with methylene group is omitted. 
On3 can clearly see that the ring formatio.x. very markedly 
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 increases the spin density on methylene proton; the calculated 
spin density on the methylene protons in a ring compound is 
almost as twice as in an open compound. 
     In Fig. 3 it is obvious that the change of the hybridi-
zation of the carbon ,O does little affect the spin distri-
bution. Thus the observed coupling constants seems to offer 
no information of the hybridization. 
     On the other hand, the change of the CA -C
orthodistance, 
that is, the change of the exchange integral between C4 and 
Corthoinfluence very severely on the spin density in the 
methylene group. Elongation of the CA -Cortho bond length 
from 1.39A to l.5/ . reduces the methylene proton spin density 
by half. 
     From these calculated values of spin density are derived 
proton coupl mg constants in Table II
, which are independent 
of the hybridization of Coo . Coupling constants of "T" 
protons, that is, ortho, meta and pares protons are calculated 
by the following popular relationship between the spin density 
on the adjacent carbon px orbital, PC, and the proton 
isotropic constants
, aH: 
Of./ = Qhfc Pc(1) 
where QHc is taken to be -22.5 gauss as usual.9) isotropic 
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coupling constants of  methylene protons are related to the 
spin densities on them by the equations 
etH a C2H PH(2) 
Though aM is theoretically given to be +507 gauss, a smaller 
value +420 gauss, which has been previously derived by the 
authors in a similar valence bond calculation on deformed 
methylene group,5) would be more appropriate. It is mainly 
due to our approximation not considering any contribution of 
ionic structures. The coupling constants in Table II are 
calculated with the latter QH value. 
03. Valence Bond Calculation of Proton 
     Coupling Constants in Phenyl Radical 
     Model of C4H5' Radical.-----In phenyl radical migration 
of odd electron may be achieved in several ways. One example 
is such a mechanism as ti -it interaction between the non-
bonding Q- orbital and p7 orbital both on the carbon C1 
(see Fig. 4) followed by it - T migration to the pit orbital 
on the ortho carbon and then by Cr-- yt interaction between the 
ortho pit orbital and the ortho C-H bond. But this mechanism 
would be less sigaificant because of double 0--7E interaction 
which would bring the spin density on the ortho proton of th. 
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order 1/500. 
    A more probable mechanism would be direct interaction 
 between  the non-bonding 0- orbital and the ortho C-H bond in 
the molecular plane. Therefore, in the present section we 
adopted the model in Fig. 4 consisting of 5 electrons on the 
following 5 atomic orbitals. 
     n : sp2 hybridized non-bonding orbital on the carbon Cl 
    G : sp2 hybridized orbital on the ortho carbon, making
        a C-H bond with H1 
    H1: hydrogen is orbital on the hydrogen H1 
Q2: sp2 hybridized orbital on the meta carbon making a 
        C-H bond with H2 
     H2: hydrogen is orbital on the hydrogen H2 
For the sake of simplicity only the C-H bonds,on one side of 
the orbital n is considered. Inclusion of the other side 
would affect the result so seriously. And the para C-H bond 
is not taken into account, for the spin density of the para 
proton derived by the direct and in-plane interaction would 
be relatively small and its order of magnitude would be able 
to be estimated by the above calculation. 
    The change of the hybridization of the carbon CT is 
not taken into consideration, for the change of the hybridiz-
ation does not seem to affect the results . The Cl-Corthobond 
-3a4-
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length is fixed to be 1.39A and the  Co-C,-Co angle 120°. 
As the elongation of the bond C1 -Cortho would reduce the 
coupling, as we saw in the previous section, the result of 
this calculation gives the maximum magnitudes of the coupling 
constants. 
     Canonical Structures and Integrals.-----All of the inde-
pendent canonical structures that have the maximum bonding 
number, five structures in all, are taken as bases of the 
calculation, which are shown in Fig. 5. Ionic structures 
are not included in the calculation at all. Integrals are 
evaluated by the same methods as in the preceding section. 
     Calculation Result.-----N ort.alized ground state wave 
function is obtained as follows: 
    = 1.1338 0, + 0.0968 A + 001144 A + 0.0673 04 
+0.17790s(3) 
where 95, is the i th canonical structure (as to the number-
ing of them, see Fig. 5) . From this function is derived the 
spin density in Fig. 6. The spin density is almost completely 
localized on the non-bonding hybridized orbital, n, on the 
carbon Cl : phenyl radical may be said to be essentially a 
localized radical. From the spin densities in Fig. 6 are 
cilculated the coupling constants of ortho and meta protons 
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with Eq. 2. The result is shown in Table  III. 
     §4. Assingment of Observed Spectra andDiscussion 
     On inspection of the calculated proton coupling constants 
of cyclohexadienyl radical Cc H7', the complex spectrum, the 
triplet with finer structures of four triplets, observed by 
Ohnishi et al. and by Fischer may safely be assigned to cyclo-
hexadienyl radical (see Table II) . Agreement with the observed 
and the calculated spectra seems to be very good.* Though 
the coupling constant of methylene protons depends on the 
           bond length, the coincidence with the experirnen-. C,B --Cortho 
tal value 47.5.50.0 gauss is accomplished at the bond length 
between 1.54A (C-C single bond) and 1.39K (C-C bond in benzene). 
This would be rational in cyclohexadienyl radical, for it is 
produced from the regular hexagon... benzene molecule by 
hydrogen addition. 
     On the other hand, according to the theoretical results 
in Table III, phenyl radical is considered to give a triplet 
with finer triplet structures. The singlet spectrum observed 
by Ohnishi has the width of 25 gauss between the maximum 
     * The coupling constant calculated for metaprotons is 
a little too large. This seems to be the general trend or 









slopes and, depending on  conditions, has slight nicks, showing 
it might be a triplet. The large width just corresponds to 
the unresolved hyperfine structures of the theoretically 
predicted splittings of 12 gauss. Thus this broad singlet 
spectrum may safely assigned to phenyl radical. LIX EI.1 Q3 E ' s 
assingment, in which the largest coupling constants 45 gauss 
is attributed to ortho positions of phenyl radical, does not 
correspond to the theoretical result at all. His spectrum 
which is alike to Ohnishi and Fi cher's would have to be 
ascribed to cyclohexadienyl radical. 
     In this manner the assingment of the two kinds of the 
observed ESR spectra from irradiated benzene seems to be 
decided by the aid of this valence bond calculation. 
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                     Chapter 10 
    Valence Bond Calculation of Spin Densities of 
    Various Hydrocarbon Radicals in a Simplest 
 Approximation 
§l. Introduction 
Experimental ESR studies on various organic radicals 
have been recently performed and also now in progress in a 
rapid pace. Assignment of observed spectra to the actual 
radicals would be very difficult without the help of theoreti-
cal considerations. Especially calculated spin density often 
makes it easy to correlate experimental results to the ele-
ctronic structures of radicals. In this sense precise cal-
culation on all of possible radicals are anticipated, on which, 
though the computer technique has given a great facility, 
numerical calculations seems to be actually impossible. 
     In the present stage it would not be meaningless to make 
a simplest approximation so as to be able to calculate spin 
densities of various radicals---especially proton spin density 
----with ease and without any more solving secular equations. 
In this chapter we would like to estimate the proton coupling 
constant in various radicals in the simplest approximation 












    §2. Approximation and General Results 
    Consider a radical and the proton which is in it and is 
now under discussion on the hyperfine coupling constants. 
We simply take the radical as a three-electron and three-
atomic-orbital problem, consisting the atomic orbital c and 
the a - b bond, c being the atomic orbital where the odd ele-
ctron is located in the classical structure, and a being the 
proton in question and b being the atomic orbital bonding to a. 
This is the simplest model for estimating the spin density 
on the proton a. For example, if we want to know the spin 
density on the  o -proton of the following imaginary radical, 
a, b and c should be such as shown in the figure. 
                        P 
                 —Ci/6 
H sPS 
Ignoring the other atomic orbitals and the other electrons in 
the radical corresponds to the approximation that we are 
going to estimate only the direct interaction of the a - b 
bond with the electron on c, but that we neglect mixing of 
the interaction between the electron c and other electrons 
and that between the latter and the a - b bonds. 
     For this three-electron system the following two canonical, 
structures with maximum bondings are possible. 
a- b ca b- c 
III 
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Ionic structures, of which those such as  C-I+ might be most 
important because of the difference of electronegativity o4 
C and H, are thoroughly neglected for the sake of simplicity. 
     Neglecting atomic overlap integrals, we are led to the 
following matrix elements between canonical structures. 
Hu = Q + z (ab)SII = 1 
HIE =Q+z(cSZ E =(1) 
HIT = -z (Q+z(ab)+Z (bc)- z{mac))Sou=-%z 
where 
=Q- z (otb)-2 (ac)- z (bc)(2) 
and Q is the coulomb integral: 
0-1 a(i) b(2)c(3) 1-t• a(J) (z) c (3)dr(3) 
C H ' total ) 
and (ij) is the exchange integral between the orbitals i and 
j, with k unexchanged:
Here
(ij) - r i (i)j(z) k(3) H j U) 1(2) k(3)d2
, putting y and ,O 
](_ (bc) -(c(e ) 






•and  furthermore 
                                  (6)
the following ground state energy, E, and the ^;round state 
spin density on the atom a, ('Q , and that on the atomic 
orbital b, , are obtained. 
E g Qry +3 (28- / ± 2,182- 5-3-/(7) 
ea =c(482-8+/)t (4B+/),/} 
/{2Y±(28-/(8) 
~b -{(4132_781-4,,t. (48-5) f ]( 9) /[z'r (2.13-1 ),Ty-} 
Y= B-8+ I 
as simple functions of the parameter B. 
In Ec,s. 7, C and 9, the upper sign should be employed for 
~' fl arid the lower for y> O. 
     In our cases the integral (ab) is negative and the 
largest in maaaaitude because a and b is bonded in the classi-
cal structure, and therefore the parameter /3 is limited to 
be plus. Thus the sign of B gets equal to the sign of y . 
So far as we consider C-H bond as the bond a - b, (ab) is 
estimated of the order of - 4 eV.2)Setting (ab) = -4eV 
the parameter B is written as a function of (bc) and (ac), 
as shown in pi. 1. As -in most cases- (bc) is between-- 2eV an( 
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+2eV and (ac) is between -3 eV and +3 eV (shaddow lines in the 
figure), the probable value of B may be in the ranges  B<  - 1/4 
and B) 1. 
     Calculated spin density3) on the atom a is tabulated in 
Table I and are plotted against the parameter B in Fig. 2. 
It is clear that negative spin density-) on the orbital a is 
achieved by the positive value of B, that is, by the relation 
(bc) > (ac) . 
Using Table I and appropriately evaluated three exchange 
integrals and also interpolating the values in it, one who 
?rants to roughly estimate the spin density on a proton can 
easily obtain what he wants, which gives rise to the proton 
isotropic hyperfine coupling constant. By Eq. 9 is calculated 
spin density on carbon and, consequently, the anisotropic 
coupling constants) on the proton and a part of the isotropic 
coupling of the carbon isotope. 
     The merits that Eqs. 8 and 9 for estimating spin densi-
ties are extraordinarily simple turns into the demerits that the 
numerical results severaly depend on the choice of exchange 
integrals. Unfortunately there seems no reliable 
method of evaluating these integrals.l92) In spite of this 
unreliability of the numerical values obtained, this simplest 
method seems to be useful for such purpose as to know whether 
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the coupling constant of a proton is 100 gauss or zero.
                    §3. Some Examples 
    In this section application of Eq. 8 would be given to 
some hydrocarbon radicals, of which some are actually  known 
and others are imaginary. 
    Exchange integrals are calculated tentatively according 
to the method of van Vleck7) and Karilus et al.6) and 
partially of Altman.8) In the method C-H exchange integrals 
are estimated from the dissociation energy of methane and 
some other properties, carbon one-center integrals are from 
spectroscopic data of carbon atom and two-center C-C exchange 
integrals are based on the effective two electron hamiltonian. 
For various hybridizations of carbon atoms the C-H and the 
C-C bond lengths are not varied. 
    If the spin density, PH , on the proton in question is 
calculated by Eq. 8, the proton isotropic coupling constant, 
aN , is derived as follows: 
    aH = Q Pt.,(10) 
In Eq. 10 Q is given theoretically to be 507 gauss, but 
because of the uncertainty of exchange integrals employed in 
this section and of the effect of neglecting ionic structures 
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  theoretical value does not seem to fit experiments well: in 
  our previous  calculation on CH2 group420 gauss is 
kno-.:n to be preferrable for the same sets of exchangeinte
gral 
  parameters as in this section. 
Example 1. So-called p-- 7c interaction3) between an. 
  odd electron on the pm orbital of a carbon 
atom and the C-H 
bonding electrons, hybridization of the carbo
n being sp2 
  (see Fig. 3). Exchange integrals are calculated as follows: 
      (ab) = -3.916 eV 
(bc) = —0.959 eV 
       (ac) = -0.600 eV
  Thus B = +13.58 from Eqs. 5 and 6, and PH is equal to 
  -0.0375. The proton coupling constant is
, therefore, -19.0 
  gauss or -15.8 gauss, the former being from 507 
gauss as Q 
and the latter from 420 gauss. Agreement with experimental 
 result, -22 to -23 gauss
,3) is pretty good for the rough 
approximation. 
      Example 2. 0-- r interaction
, but the hybridization of 
 the carbon atom is not sp2 but sp. (Fig.4) The purpose of the 
exalipl e is to see how the hybridization of the carbon orbital 
in the C-H bond effects the hyperfine structure. Results are 
as follow: (ab) = -3.970, (bc) _ +1.323 and (ac) = +0.600 eV; 
B = +7.320, (H = -0.0702 and OH is -36.0 gauss or-29.5 
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ci
gauss.  • 
Such a partial structure as in  Fig. 4 will be accomp-
lished by anions or cations of acetylene derivatives, for 
instance, of acetylene and of phenyl acetylene. In these 
cases proton coupling constant should not be connected to 
the spin density on the pn orbital of the adjacent carbon 
simply with the following equation for sp2 system: 
OH = - 22.S ec(12) 
but with the equation in which the proportionality factor is 
more negative.* 
     Example 3. Two sp2 hybridized orbitals on a carbon 
atom and a hydro en atom bonded to one of them, as are shown in 
Fig.5. Results are:(ab) _ -3.916eV, (be) = +1.455eV and (ac) = 
-0.492eV; B = +2.759 and eh= -0.185. The proton coupling cons-
tant is therefore -93.6 gauss.or -77.7 gauss. 
    One of the radicals which might have any possibility to 
have such partial structure in the ground state would be 
vinyl radical, though its ESR spectrum has never been observed. 
When the hybridization afa carbon is changed:, will change ottler 
factors than mentioned above, such as the polarity of the C-H 
bond and the bond distance of the bond. The change of the 
polarity from sp2C-H to spC-H will make Pa more positive 
and the change of the bond length makes it more negative. 
These two factors thus seem to compensate each other. 
-323-
                                                                                 ;'
         N 
 ?C  C~H-go HyC =C-0 
         H ~X Yad. aiioit H 
                                   ~HX : Hai6141,          H-C-C-H±H. H'C = C 
Another one would be acetenyl radical, though the structure 
of the radical has never decided to be linear or bent. 
           H-C-C-I-fY ad.tn:C=C~ 
Oinishi et ale9) have recently observed a doublet (splitting 
is as large as 129 gauss) signal of ESR of a radical which is 
produced by UV irradiation on phenyl acetylene and is tenta-
tively attributed to acetenyl radical •CCH. The splitting 
is surprizingly large in comparison with the result of this 
e, ..role calculation. Similar experimental results were 
obtained for formyl radica1,10) which is known to be bent as 
in Fig. 6 and the proton coupling constant is 137 gauss. 
    Example 4. An odd sp2 electron on d carbon and a 
s72 C-H bond on /' carbon, which are directed to the same 
direction of the C-C axis. (Fig. 6). Results are: (ab) = 
-3.916, (bc) = +0.290 eV and (ac) = 0 (assumed); and B = 
+14.50 and = -0.0351 and therefore aH = -17.8 gauss or 
-14.7 gauss. This is in good agreement with the spin density 







by  the present authors2), proving this simplest approximation 
to be reliable. Another proton which corresponds to this 
example is one of the /A -protons in vinyl radical: 
            jG—cif 
               H 
     Similarly one might easily know the approximate value of 
spin density on any proton and any orbital bonded to the 
proton by the aid of Eqs. 8 and 9. 
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Table  I Spin Density on Atom a as a Function of Parameter B
 B
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In the present thesis the author tried quantum chemical 
approaches to complicated phenomena in organic chemistry. In 
Part I approaches were carried out in the field of chemical 
reactivities. By calculating the existing reactivity indexes 
in higher approximations, total 7r electron density and 
free valence, the indexes in the static method, are proved not 
to deserve measures of reactivities. He also obtained mathe_.a-
tical interrelations and pointed out physical differences bete 
the frontier electron theory and the Z value. These discussion 
would be an approach to the real mechanism of the aromatic sub-
stitution reaction. The molecular orbital treatment of reactio 
of eucited molecules stressed the importance of the frontier 
levels in such reactions. In the study on antioxidants posibi 
lilies of several models of the transition state were tested 
from the view points of both the cr and the 7E electronic 
structures. 
     In Part II by the aid of the LCAO MO method for p- electro 
some physicochemical properties of conjugated halogenated 
hydrocarbons were discussed. the presumption that in these 
compounds the lowest 0 unoccupied level might be lower than 
the lowest g unoccupied level was deduced in these studies 
and it was ascertained by a higher approximation . Studies 
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on ESR spectra were carried out mainly in connection with 
proton coupling constants. Assignment of  experimental spectra 
of terephthalaldehyde anion, phenyl and cyclohexadienyl radi-
cals was established first by these theoretical calculations. 
The study on the angular dependency of CH2 proton couplings, 
which was against the current interpretation, has an important 
meaning in connection to the structure of radicals. A simplest 
method, which was presented for calculating proton couplings, 






                        4,• 4. 
, .
rfi
•-=',;••,',-,-7.1,,71:7,-..- ..., a=5= - 
: •-'..- - •*.-=' "r,,A.gr.:x. , ,..!,-;•0=;-.     : - ,,4•.4,1...-wi•-=.=...,=-'="40.-..•       - -:- ';',-';,.IPP• 
    
.... .. 
                           ..                                                                                                                                                            
.:"                                                                                                                                                          . 
... 
 ,
   /-•
. . • - A 
   - • 
• 




• " •-'• 4     
- • • "10 :1'111 
4i  
_ s 
•                   
• " -
                 ),.•:
       ‘-‘ 
- - 
• 
          t!' 




              F5.• 
      •  
" 4 
   •r 
=
, • - ;$4
11!
- , 
         .4. 
                        •
• 
'
01• „4. • 2,,et-'12-:c: 
              •
• 
'•





..,--_,.  - -r 1 
    :•. 
.., 
.,41.': ,'' . 1
             
• 4, 
          ‘AL: 
            *74
• I.
- k
